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The  work  done  in  the  past  three  years  has  demonstrated  the  feasibility  of 
developing  alumina  fiber  based  glass  matrix  composites  for  structural  applications  by 
applying  an  interface  engineering  approach.  The  composites  consisting  of  a  glass  matrix 
containing  coated  and  uncoated  continuous  alumina  type  fibers,  were  produced  by  slurry 
impregnation  method.  A  tin  dioxide  coating  was  used  for  the  PRD-166  (alumina +zirconia) 
fiber,  while  a  boron  nitride  coating  was  used  for  the  Nextel  480  (alumina + silica +boria) 
fiber.  The  coatings  were  applied  by  chemical  vapor  deposition  (CVD).  Important 
parameters  in  the  coating  process,  in  order  to  obtain  a  uniform  coating  on  the  fiber 
surface,  are  the  deposition  temperature  and  time.  Tin  dioxide  coating  forms  an  effective 
barrier  between  alumina  and  glass,  and  thereby  prevents  strong  chemical  bonding 
between  the  components  of  this  composite  system. 

Significant  improvements  in  the  mechanical  properties  can  be  achieved  by 
incorporation  of  such  fibers  into  a  brittle  matrix.  The  primary  mode  of  toughoning  in 
coated  PRD-1 66/glass  composites  is  crack  deflection  and  fiber  bridging  while  in  coated 
Nextel/glass  and  Saphikon/glass  composites,  fiber  pullout  also  occurs.  A  strong 
potential  exists  for  enhancing  loughness  even  further  provided  the  surface  roughness  of 
the  interfaces  can  be  controlled.  Preliminary  tests  carried  out  on  smooth  single  crystal 
alumina  fiber  reinforced  glass  matrix  composites  have  indicated  that  extensK  e  fiber  matrix 
debonding  and  pullout  can  result  with  SnOz  coating. 

Nextel  480  fiber  reinforced  mullite  matrix  composites  were  fabricated  using  a  sol- 
gel  precursor  route.  This  method  of  fabricating  the  composites  produced  a  fine  grained 
mullite  which  improved  the  sinterability  of  the  mullite  matrix  by  lowering  the  sintering 


temperature.  This  lower  sintering  temperature  aided  fabrication  of  the  composites  and 
reduced  the  thermal  damage  of  the  fibers.  Mullite/mullite  composites  are  being 
developed  for  elevated  temperature  structural  applications. 
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Fig.  1.  The  interface  engineering  approach. 

Fig.  2.  Scanning  micrograph  of  PRD-166  fiber.  Note  the  distribution  and  size  of  the 
zirconia  particles  (white  in  the  figure).  Arrow  indicates  one  such  particle. 

Fig.  3.  Scanning  micrograph  of  Nextel  480  fiber.  Note  the  oval  cross  section. 

Fig.  4.  Setup  of  the  CVD  process  for  coating  SnOj. 

Fig.  5.  Schematic  of  the  slurry  impregnation  method  used  in  composite 
fabrication. 

Fig.  6.  Hot  pressing  schedule  used  in  composite  fabrication. 

Fig.  7.  Setup  used  for  single  fiber  testing. 

Fig.  8.  Specimen  configuration  used  in  strength  and  toughness  measurements. 

Fig.  9.  Optical  micrographs  of  PRD-166/giass  composite  illustrating  the 
distribution  of  fibers  in  the  matrix. 

fig.  10.  Optical  micrograph  of  Nextel  480/glass  composite  illustrating  the 
distribution  of  fibers  in  the  matrix. 

Fig.  11.  Fiber  misorientation  in  PRD-166/glass  system. 

(a)  V,  =  0.11  (b)V,  =  0.4 
Fig.  12.  Fiber  breakage  in  PRD-166/glass  system. 

(a)  V,  =  0.11  (b)V,  =  0.4 

Fig.  13.  Scanning  micrographs  of  (a)  PRD-166/glass  fracture  surface  at  two 
magnifications.  Note  the  flat  brittle  fracture.  SEM. 

(b) .  PRD-iee/SnOa/glass  fracture  surface  at  two  magnifications.  Note 
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crack  branching,  partial  debonding  and  crack  bridging.  SEM. 

Fig.  14.  Fractographs  of  (a)  uncoated  and  (b)  BN  coated  Nextei/glass 
composites  illustrating  the  differences  in  the  extent  of  bonding  and  fibei  puiiout. 

Fig.  15.  Optical  micrograph  of  a  BN  coated  (0.3  urn)  Nextel  480/muliite  composite 
produced  using  a  colloidal  sol-gel  processed  muilite  powder,  illustrating  an  uniform  fiber 
distribution  and  high  matrix  densification. 

Fig.  16.  Scanning  micrograph  of  a  BN  coated  (0.3  urn)  Nextel  480/mullite 
composite  produced  using  a  colloidal  sol-gel  processed  muilite  powder, 
showing  strong  interfacial  bonding.  ‘F’  indicates  the  fiber. 

Fig.  17.  Change  in  the  morphology  of  the  SnOa  coating  with  increasing  coating 
temperature,  (a)  500  °C  (b)  750  "C 

Fig.  18.  SIMS  analysis  of  the  surface  of  an  SnOj  coated  PRD-166  fiber 
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distribution. 
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Fig.  24.  Transverse  bend  strength  versus  fiber  volume  fraction  for  the  PRD- 
166/glass  and  PRD-166/Sn02/glass  composites.  Transverse  fibers 
perpendicular  to  the  bend  plane. 

Fig.  25.  Transverse  bend  strength  versus  fiber  volume  fraction  for  the  PRD- 
166/glass  and  PRD-166/Sn02/glass  composites.  Transverse  fibers  parallel  to  the  bend 
plane. 

Fig.  26.  Static  fracture  toughness  as  obtained  from  the  Chevron  notched 
specimens  for  uncoated  and  SnOg  coated  PRD-166/glass 
composites  as  a  function  of  fiber  volume  fraction. 

Fig.  27.  Stress-displacement  curves  for  an  uncoated  and  a  SnOj  coated  PRD- 
1 66/glass  composite  in  a  bend  test. 

Fig.  28.  Strength  of  uncoated  and  SnOj  coated  PRD-166  fiber  composites  as  a 
function  of  temperature. 

Fig.  29.  Stress-displacement  curves  for  an  uncoated  and  a  BN  coated  Nextel 
480/glass  composite. 

Fig.  30.  Fractographs  at  two  magnifications  for  a  BN  coated  Nextel 
480/glass  composite  exhibiting  matrix  cracking  and  fiber  pullout. 

Fig.  31  Work  of  fracture  of  BN  coated  Nextel/glass  composites  as  a 
function  of  coating  thickness. 

Fig.  32.  Strength  of  uncoated  and  BN  coated  Nextel  fiber  composites  as  a 
function  of  temperature. 

Fig.  33.  Stress-displacement  curves  for  an  uncoated  and  two  BN  coated  Nextel 


m 


If 


# 


480/mullite  matrix  composites. 
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1.  INTRODUCTION 


Ceramics  and  glasses  exhibit  relatively  high  thermal  stability  combined  with  low 
density  and  chemical  inertness  as  compared  to  metals  and  polymers.  However,  they  fail 
to  find  wide  application  in  structural  applications  because  of  their  brittle  nature. 
Incorporation  of  high  strength  and  high  modulus  fibers  is  a  very  promising  method  of 
improving  the  toughness  of  such  brittle  ceramics.  This  increase  in  the  toughness  results 
from  various  energy  absorbing  mechanisms  such  as  fiber/matrix  debonding,  crack 
deflection,  crack  bridging,  and  fiber  pullout,  induced  by  the  introduction  of  the  fibers  into 
the  matrix.  Such  mechanisms  of  toughening  have  been  studied  extensively  in  various 
composite  systems,  and  have  been  documented  in  literature  [1-3]. 

Of  the  various  fibers  which  can  be  potentially  used  as  reinforcements  for  ceramic 
or  glass  matrices,  alumina-based  fibers  are  one  of  the  most  promising.  They  possess 
adequate  strength  and  stiffness.  Unlike  carbon  fibers,  alumina  based  fibers  possess 
excellent  thermal  stability  in  oxidizing  atmospheres  even  at  elevated  temperatures.  They 
are  also  superior  as  compared  to  SiC  based  fibers,  which  have  a  tendency  to  decompose 
and  react  in  the  presence  of  glass  matrices  [4,5].  However,  one  of  the  drawbacks  of 
such  alumina  based  fibers  is  their  high  reactivity  with  silica.  The  alumina  fibers  react  very 
strongly  with  silica  if  present  in  the  matrix,  consequently  forming  a  strong  chemical  bond 
[6-8].  Such  a  strong  bond  is  not  conducive  to  toughening  processes  such  as  fiber/matrix 
debonding,  crack  deflection,  crack  bridging,  and  pullout.  As  a  result  such  alumina  based 
fibers  are  unsuitable  for  use  with  glass  and  other  silica  containing  matrices.  The  easiest 
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and  most  versatile  method  of  preventing  such  a  reaction  between  the  fiber  and  matrix, 
is  by  the  application  of  a  coating  on  the  fiber  surface.  Such  a  coating  would  act  as  a 
diffusion  barrier  between  the  fiber  and  matrix,  and  thereby  prevent  chemical  reaction 
between  the  two  components.  Consequently,  the  resultant  bonding  will  be  weak  in  t.iis 
case.  A  judicious  choice  of  a  coating  material  is  very  important.  Such  an  interface 
engineering  approach  is  shown  in  Fig.  1. 

Solubility  studies  indicate  that  tin  dioxide  has  no  solubility  in  alumina  as  and  is  only 
slightly  soluble  in  silica  [9,10].  This  non-solubility  between  tin  dioxide  and  alumina 
promotes  a  relatively  weak  bonding  between  the  fiber  and  coating,  and  produces 
conditions  suitable  for  enhanced  toughness.  The  main  propagating  crack  in  such  a 
system  would  be  expected  to  deflect  along  the  weak  fiber/coating  interface.  Additionally, 
fiber/matrix  debonding  and  fiber  pullout  would  also  be  major  contributors  to  the 
toughness  of  the  composite. 

Another  material  of  interest  as  a  fiber  coating  in  such  (alumina +silica)-based 
fiber/silica-based  matrix  composites  is  boron  nitride.  Boron  nitride  is  very  widely  used 
as  a  high  temperature  lubricant  and  has  also  been  shown  to  be  effective  as  a  fiber 
coating  for  ceramic  matrix  composites  [11-13]. 

Work  done  in  the  last  three  years  has  demonstrated  the  feasibility  of  using  such 
coatings  effectively.  These  studies  include  specimen  fabrication,  extensive  mechanical 
property  characterization,  interface  and  coating  characterization,  and,  last  but  not  least, 
a  thermal  stress  analysis.  Details  of  these  studies  are  documented  below. 


2 


2.  MATERIALS 


f 


PRD-166  fiber  (DuPont)  was  primarily  used  in  most  of  the  studies.  PRD-166  is  an 
a-alumina  based  fiber  containing  1 5-20  v/o  of  yttria  stabilized  tetragonal  zirconia  particles, 
Fig.  2.  The  average  grain  size  of  the  alumina  was  about  0.5  iim  and  that  of  the  zirconia 
particles  about  0.3  jim.  Nextel  480  (3M  Co.)  fiber  which  is  essentially  a  mullite  fiber 
containing  small  amounts  of  boria,  was  also  studied.  This  fiber  has  an  oval  cross  section, 
Fig.  3.  Both  uncoated  and  BN  coated  fibers  were  obtained  from  3M  Co.  In  addition  to 
these  two  fibers,  single  crystal  alumina  (Saphikon)  fiber  was  also  used  in  a  few 
experiments.  Details  of  the  physical  and  mechanical  properties  of  the  PRD-166  and 
Nextel  480  fibers  are  provide  in  Tables  1  and  2,  respectively. 

N51A  glass  (Owens  lllinos)  was  used  as  a  matrix  in  these  composites.  The 
nominal  composition  and  physical  properties  of  the  N51A  glass  are  given  in  Table  3. 
Mullite  powder  was  also  used  as  the  matrix  ror  a  few  samples.  The  mullite  powder  was 
obtained  commercially  and  was  also  produced  by  a  colloidal  sol-gel  route.  Details  of  the 
commercially  obtained  mullite  powder  are  provided  in  Table  4. 

Bulk  alumina  (99.7%)  required  for  some  initial  testing  was  obtained  in  the  form  of 
bars  from  Coors  Porcelain  Co. 

The  choice  of  tin  dioxide  as  an  interphase  between  alumina  and  glass  follows  the 
work  of  Maheshwari  et  al.  [6].  Tin  dioxide  was  chosen  because  it  shows  no  solubility  with 
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alumina  up  to  1400  °C,  and  very  little  solubility  in  glass.  These  results  have  been 
confirmed  by  quantitative  electron  microprobe  work.  The  CVD  process  of  coating  tin 
•  dioxide  was  used  for  coating  the  fibers.  Properties  of  tin  dioxide  are  listed  in  Table  5. 


3.  EXPERIMENTAL  PROCEDURE 


3.1.  CVD  Of  tin  dioxide: 

After  various  trials,  the  CVD  setup  shown  i.  Fig.  4  was  used.  The  reaction  vessel 
was  an  alumina  tube,  50  cm  long  and  5  cm  in  diameter.  Dry  nitrogen  was  used  as  a 
carrier  gas  for  SnCI^  at  a  flow  rate  of  nitrogen  at  1  liter/min.  Oxygen  was  passed  at  a  rate 
of  0.6  liter/min  through  water  heated  to  80  “C.  The  alumina  fiber  tows  were  placed  in  the 
central  hot  zone  of  the  reactor.  The  deposition  was  done  for  5  minutes  at  500°  C.  The 
final  conditions  for  the  deposition  of  SnOj  are  given  in  Table  6.  The  deposition  occurs  as 
per  the  chemical  reaction  given  below. 

SnCUl)  +  2H20(g)  =  Sn02(s)  +  4HCI(g) 

Additional  details  of  the  coating  process  can  be  obtained  from  ref.[11]  in  Appendix 
C. 

3.2.  Fabrication  of  glass  matrix  composites 

Alumina  fiber  reinforced  glass  matrix  composites  were  fabricated  using  a  slurry 
impregnation  technique  [2].  A  schematic  of  the  fabrication  process  is  shown  in  Fig.  5. 
The  amount  of  glass  in  the  slurry,  rate  at  which  the  fibers  are  pulled  through  the  slurry, 
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variation  in  the  composition  of  the  slurry,  and  the  amount  of  agitation  used  to  mix  the 
slurry,  all  control  the  final  properties  of  the  composite  obtained.  The  slurry  consisted  of 
glass  frit,  2-propanol,  and  an  organic  binder  to  impart  green  strength  to  the  tapes  and 
facilitate  their  handling.  The  typical  proportion  of  binder  to  frit  to  2-propanol  was  0.25:1 :3 
by  volume. 

A  continuous  fabrication  process  was  used  for  making  the  unidirectional  tapes. 
The  fiber  tows  were  impregnated  with  325  mesh  glass  frit  and  laid  out  on  mylar  sheets 
to  form  the  prepegs.  The  tapes  were  peeled  off  the  mylar  tape,  cut,  stacked,  and  heated 
to  500  °C  in  air  to  remove  the  binder.  This  was  followed  by  hot  pressing  in  a  graphite 
lined  die  in  argon  atmosphere  at  a  temperature  of  925  “C  and  pressure  of  3  MPa.  The 
hot  pressing  schedule  used  is  shown  in  Fig.  6.  Additional  details  of  the  process  are  given 
in  ref.  [3]  in  Appendix  E. 

3.3  Fabrication  of  muliite  matrix  composites 

Fabrication  of  muliite  fiber  reinforced  muliite  matrix  composites  was  pursued  by  a 
sol-gel  route.  Use  of  commercially  available  muliite  powder  results  in  a  theoretical  density 
of  92%  when  hot  pressed  at  1500  ”0.  These  temperatures  are  relatively  on  the  higher 
side.  It  Is  necessary  to  be  able  to  fabricate  such  composites  at  lower  temperatures  in 
order  to  reduce  degradation  to  the  fibers.  Sintering  of  commercially  available  muliite 
powders  does  not  give  the  desired  density  and  mechanical  properties  when  sintered  at 
temperatures  below  1500  "C. 

Sol-gel  processing  offers  a  viable  alternative  to  conventional  pressing  techniques 
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for  producing  such  composites  for  elevated  temperature  structural  use.  The  polymeric 
based  sol-gel  precursor  route  can  be  used  to  produce  fine  powders  and  thereby  reduce 
the  densification  temperature  to  around  1250  °C.  However,  the  major  drawback  of  this 
technique  is  the  careful  drying  procedure  required,  when  used  as  a  matrix. 

The  colloidal  sol-gel  processed  powders  overcome  the  disadvantages  of  the  above 
mentioned  process,  at  the  same  time  retaining  the  advantages  of  the  sol-gel  technique. 
Fabrication  of  the  mullite  matrix  composites  was  undertaken  using  this  approach. 
Characteristics  of  the  precursors  used  are  given  in  Table  7.  The  mullite  powder  produced 
by  the  sol-gel  precursor  route  was  fabricated  as  per  the  process  described  above  in  3.2. 


3.4  Microstructural  examination 

Optical  and  scanning  electron  microscopy  were  used  for  general  characterization 
of  the  microstructure  of  the  composites  to  determine  the  volume  fraction  and  distribution 
of  the  fibers  in  the  matrix.  SEM  was  used  to  evaluate  the  grain  size  of  alumina  and  the 
zirr^  nia  particle  size  in  the  PRD-166  fibers.  The  fracture  surfaces  of  the  as  received  and 
^  coated  fibers  were  also  characterized  by  an  SEM  coupled  with  an  Energy  dispersive 

analysis  system  (EDS).  Secondary  ion  mass  spectroscopy  (SIMS)  was  also  used  to 
^  characterize  the  microstructure.  SIMS  is  a  technique  of  mass  spectrometry  of  ionized 

particles.  When  a  flux  of  primary  ions  is  directed  on  the  specimen  to  be  analyzed,  a  high 
yield  of  secondary  ions  can  be  obtained  under  appropriate  conditions.  These  secondary 
•  ions  are  analyzed  by  a  mass  spectrometer  to  give  a  mass  spectrum  of  the  surface  under 

examination.  This  technique  inspite  of  its  excellent  elemental  sensitivity  has  not  been 
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applied  extensively  to  characterize  ceramic  materials.  This  is  mainly  because  ion 
bombardment  of  ceramics  and  other  insulating  materials  results  in  a  charge  buildup  on 
the  sample  surface.  This  charge  build  up  can  affect  the  material  response. 

The  dynamic  SIMS  used  in  this  study  uses  a  fine  primary  ion  beam  (less  than  100 
microns)  to  sputter  the  sample.  The  beam  has  a  moderate  energy  (1-20  keV)  and  current 
(1-10  nA).  The  primary  ion  beam  source  can  be  cesium,  gallium  or  argon.  The 
secondary  ions  are  ejected  from  the  specimen  during  sputtering,  and  analyzed  in  a  mass 
spectrometer. 

3.5  Mechanical  Property  testing 

Various  mechanical  tests  done  in  this  project  are  described  below. 

3.3.1.  Single  fiber  testing 

Single  fiber  testing  was  carried  out  on  uncoated  and  coated  fibers  in  order  to  verify 
the  strength  and  to  examine  the  effect  of  the  coating  on  the  fiber  strength.  The  setup 
used  to  measure  the  single  fiber  strength  is  shown  in  Fig.  7.  The  tests  were  done  by 
mounting  individual  fibers  on  a  paper  frame.  The  sides  of  each  frame  were  carefully  cut 
after  the  assembly  was  gripped  in  the  tensile  testing  machine.  An  Instron  machine  with 
a  5  N  load  cell  and  a  cross  head  speed  of  O.lmm/s  was  used.  Additional  details  are 
given  in  ref.  [9]  in  Appendix  A. 


3.5.2.  Indentation  testing 

•  Indentation  machines  with  highly  resolved  load  and  displacement  sensing 

capabilities,  called  nanoindentor  machines,  have  recently  become  available.  Such 
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machines  can  provide  quantitative  information  from  very  small  areas.  These  machines 
are  especially  useful  in  determining  fiber/matrix  interfacial  strengths.  Nanoindentation 
tests  were  carried  out  on  the  PRD-166/glass  and  Nextel  480/glass  systems  in  order  to 
determine  the  interfacial  bonding  and  to  study  the  interaction  between  the  matrix  crack 
and  the  fiber  and  coating. 

3.5.3.  Mechanical  strength  and  toughness 

Three-point  and  four-point  bend  tests  were  used  to  evaluate  the  strength  of  the 
coated  and  uncoated  fiber  composites.  Static  fracture  toughness  measurements  were 
done  on  Single  Edge  Notched  Beam  (SENS)  specimens  in  accordance  with  Ref.  [14]. 
Chevron  notched  samples  were  also  used  in  evaluating  the  static  toughness.  The 
specimen  configurations  used  are  shown  in  Fig.  8.  The  work  of  fracture  was  determined 
from  the  area  under  the  load  -displacement  curves  [15].  Other  details  of  the  testing 
procedures  used  are  given  in  ref.  [6]  in  Appendix  E. 

3.5.4.  Thermal  expansion  behavior 

Thermal  expansion  behavior  of  various  composites  produced  was  studied  using 
an  Orton  dilatometer,  model  1000  D.  The  thermal  expansion  was  recorded  by  an  LVDT. 
The  LVDT  used  in  this  particular  apparatus  had  a  linear  resolution  of  ±  0.25  %  of  the  total 
LVDT  range  of  0.318  cm,  and  a  repeatability  of  6.25  x  10"^  cm. 


4.  RESULTS  AND  DISCUSSION 


4.1  Microstructural  characterization 

Optical  micrographs  of  the  polished  surfaces  of  uncoated  PRD-166/glass  and 
Nextel  480/glass  composites  are  shown  in  Figs.  9  and  10  respectively.  Note  the 
distribution  of  fibers  within  the  matrix.  Studies  carried  out  on  the  PRD-1 66/glass  and 
PRD-166/Sn02/glass  systems  revealed  some  interesting  information  about  the  fiber 
misorientation.  Increasing  the  volume  fraction  of  the  fibers  was  found  to  result  in  less 
misorientation.  However,  the  amount  of  fiber  breakage  was  found  to  increase  with 
volume  fraction.  The  data  on  misorientation  and  fiber  breakage  measured  for  two 
different  volume  fractions  of  11%  and  40%  are  summarized  in  Figs.  11  and  12, 
respectively.  These  studies  are  important  in  determining  the  overall  fiber  contribution  to 
the  composite  strength,  because  the  fiber  orientation  and  fiber  length  can  affect  the 
composite  properties  significantly. 

Scanning  micrographs  of  the  fractured  surfaces  of  the  uncoated  and  SnOj  coated 
PRD-1 66/glass  and  uncoated  and  BN  coated  Next  el  480/glass  matrix  composites  are 
provided  in  Figs.  13  and  14  respectively.  Note  the  strong  bonding  between  the  uncoated 
fibers  and  the  matrix  (in  case  of  the  PRD-1 66/glass  and  Nextel  480/glass  systems). 
Introduction  of  the  fiber  coatings  results  in  weakening  of  the  'fiber/matrix  interface.  As 
a  results  the  fracture  features  observed  in  the  case  of  the  uncoated  fiber  composites  are 
inherently  brittle  in  nature,  while  the  features  observed  in  case  of  the  coated  fiber 
composites  exhibit  more  graceful  characteristics. 


The  sol-gel  precursor  route  resulted  in  a  Nextel  480  fiber/mullite  matrix  composite 
having  a  theoretical  density  of  96%,  incorporating  16  volume  percent  of  fibers.  Scanning 
micrograph  in  Fig.  15  illustrates  the  uniform  distribution  of  fibers  obtained  in  the 
composite.  The  BN  coating  applied  to  the  fibers  disappeared  during  the  fabrication 
process.  Coating  thicknesses  as  much  as  0.3  urn  was  found  to  be  assimilated  during 
fabrication.  Extensive  damage  was  also  caused  to  the  fibers  during  the  fabrication 
process,  Fig.  16. 

4.1.1.  Characterization  of  SnO,  interphase 

A  detailed  metallographic  investigation  of  the  tin  dioxide  interphase  produced  at 
^  different  temperatures  and  different  times  was  made.  Hydrogen  Iodide  was  used  as  an 

etchant  to  reveal  the  grain  structure  and  shape.  The  details  of  this  work  have  been 
published  and  are  provided  in  ref.  [6]  in  Appendix  C.  Low  temperature  (500  'C)  resulted 

I 

in  uniform  columnar  grain  growth,  while  higher  temperatures  (750  ®C)  resulted  in  an 
irregular  lateral  growth  Figure  17.  Increasing  the  deposition  time  at  either  of  these 
I  temperatures  resulted  in  extended  columnar  growth.  A  temperature  of  500  ®C  and 

deposition  times  of  the  order  of  5  min  was  found  to  produce  the  most  desirable  structure. 
Results  of  the  SIMS  characterization  of  the  microstructure  of  the  PRD-166  fiber/tin 

► 

dioxide/glass  matrix  composite  are  shown  in  Figs.  18  and  19.  In  Fig.  18,  the  Sn*  and 
SnO'  maps  can  be  seen  in  the  top  half.  The  Sn  in  the  coating  is  localized  to  the  coating 
I  only.  No  diffusion  into  the  fiber  or  matrix  is  apparent.  An  SEM  picture  of  the  mapped 

region  can  be  seen  in  the  bottom  half  of  the  same  picture. 
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Maps  of  Zr^  Sn^  and  Ar  are  shown  in  Fig.  19.  As  is  evident  from  the  map,  the 
zirconia  is  restricted  to  the  fiber  only.  Note  also  that  there  is  no  outward  diffusion  of  Zr 
from  the  PRD-166  fiber  into  the  coating  or  the  matrix. 

4.2  Single  fiber  testing 

The  as  received  alumina  fibers  showed  a  Weibull  mean  strength  of  1375  MPa, 
while  the  SnOj  coated  fibers  exhibited  a  decreasing  tensile  strength  with  increasing 
coating  thickness.  The  loss  in  the  strength  of  the  tin  dioxide  coated  PRD-166  fibers  is 
attributed  to  exposure  of  the  fibers  to  elevated  temperatures  during  the  deposition 
process,  and  the  thermal  stresses  generated  during  the  deposition  of  the  tin  dioxide 
coating.  In  addition  the  roughness  of  the  coating  created  stress  concentration  sites, 
which  in  turn  further  reduced  the  strength  of  the  coated  fibers.  Fig.  20.  Detailed 
observations  and  single  fiber  testing  of  coated  and  uncoated  PRD-166  fibers  are  given  in 
Table  8. 

The  uncoated  Nextel  480  fibers  exhibited  a  Weibull  mean  strength  of  1766  MPa. 
The  strength  of  these  fibers  was  found  to  increase  significantly  with  the  application  of  the 
coating.  This  large  increase  in  the  strength  is  attributed  to  the  smoothening  of  the  rough 
surface  of  the  fibers  by  the  application  of  this  coating.  Unlike  the  rough  SnO,  coated 
PRD-166  fibers,  the  smooth  BN  coating  has  a  “crack  healing"  effect  on  the  fiber  surface, 
thereby  effectively  reducing  the  size  of  the  flaw  on  the  fiber  surface.  Other  details  of  the 
Weibull  analysis  are  provided  in  Table  9.  Scanning  micrograph  In  Fig.  21  illustrates  the 
fiber  surface  healing  effect  by  the  BN  coating. 
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4.3  Strength  and  toughness  measurement 

The  results  of  room  temperature  three-point  bend  strengths  of  coated  and 
uncoated  alumina  fiber  composites  in  the  longitudinal  direction  as  a  function  of  volume 
fraction  of  fibers  are  presented  in  Fig.  22.  A  significant  strengthening  was  obtained  by 
incorporating  the  fibers  into  the  glass  matrix.  The  work  of  fracture  associated  with  these 
fractured  samples  increased  with  fiber  volume  fraction,  Fig.  23. 

Transverse  bend  strength  results,  for  two  different  orientations  of  uncoated  and 
coated  PRD-166  fiber/glass  composites,  are  presented  in  Figs.  24  and  25,  respectively. 
The  transverse  bend  strength  was,  not  unexpectedly,  significantly  lower  than  the 
longitudinal  bend  strength.  The  transverse  bend  strength  increased  with  fiber  volume 
fraction  up  to  a  certain  point,  and  decreased  thereafter.  Reasons  for  this  anomalous 
behavior  are  still  under  investigation. 

The  static  fracture  toughness  as  determined  by  using  the  maximum  load  criterion 
increased  with  fiber  volume  fraction.  Fig.  26.  The  fracture  energy  determined  from  the 
load  displacement  curves  also  increased  with  the  strength.  The  stress-displacement 
curves  for  the  uncoated  and  SnOj  coated  fiber  composites  are  shown  in  Fig.  27. 

The  elevated  temperature  tests  carried  out  on  uncoated  and  coated  fiber 
composites  revealed  that  the  strength  of  these  composites  decreased  with  increasing 
temperatures.  Fig.  28.  This  was  attributed  to  the  weakening  of  the  parent  glass  matrix. 

Results  of  the  strength  of  the  uncoated  and  coated  Nextel  480/glass  composites 
are  presented  in  Table  10.  The  strength  of  the  coated  composites  increased  slightly  over 
the  unreinforced  glass  matrix.  The  reason  for  this  lack  of  increase  in  the  strength  of  the 
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composite  is  still  under  investigation. 

The  toughness  values  of  the  Nextel  480  composites  are  presented  in  Table  1 1  while 
the  fracture  energy  of  the  composites  is  tabulated  in  Table  1 2.  The  fracture  energy  of  the 
BN  coated  fiber  composites  was  significantly  higher  than  that  of  the  uncoated  fiber 
composite.  The  failure  of  a  BN  coated  fiber  composites  was  far  more  graceful  as 
compared  to  the  brittle  characteristics  exhibited  by  the  uncoated  fiber  system,  Fig.  29. 
Extensive  matrix  cracking  and  fiber  pullout  were  major  contributors  to  the  energy 
absorbed  by  the  composite,  as  can  observed  in  Fig.  30.  The  work  of  fracture  of  these 
BN  coated  fiber  composites  increased  with  coating  thickness.  Figure  31.  This  was  as  a 
result  of  the  healing  process  of  the  fiber  surface. 

Elevated  temperature  tests  revealed  that  the  strength  of  such  BN  coated  fiber 
composites  actually  increased  with  increasing  temperature  up  to  400  “C  and  decreased 
thereafter,  Figure  32.  This  is  probably  as  a  result  of  enhanced  interfacial  bonding  with 
matrix  softening.  Above  a  certain  temperature  however,  the  matrix  weakens  substantially 
and  the  composite  strength  drops. 

Summary  of  the  mechanical  tests  carried  out  on  the  Nextel  fiber/mullite  matrix 
composites  produced  by  the  sol-gel  precursor  route  are  given  in  Table  13.  The  strength 
in  bending  and  the  work  of  fracture  of  these  composites  were  significantly  improved  over 
the  unreinforced  mullite  matrix.  For  a  BN  coating  thickness  of  Up  to  0.3  urn,  the  bonding 
between  the  fibers  and  matrix  was  very  strong  and  the  composite  failure  characteristics 
were  brittle  in  nature.  Increasing  the  coating  thickness  to  1  microns  was  found  to 
remedy  the  problem  as  can  be  seen  from  the  stress-displacement  curves  in  Fig.  33.  This 
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study  is  still  in  progress. 


4.5  Thermal  expansion  measurements 

The  coefficient  of  thermal  expansion  of  the  composites  was  determined  from  the 
thermal  expansion  curves.  Results  of  the  thermal  expansion  measurements  carried  out 
on  the  PRD-166/glass  and  Nextel  480/glass  composite  systems  are  presented  in  Figs. 
34  and  35,  respectively.  The  thermal  expansion  coefficients  for  the  uncoated  and  SnO, 
coated  PRD-1 66/glass  composites  have  been  compared  with  the  theoretically  predicted 
values  of  various  models  for  fiber  reinforced  composites  in  Table  14.  Of  all  the  models, 
Schapery’s  model  appears  to  fit  the  experimental  data  the  best.  It  is  also  worthwhile 
noting  that  the  difference  between  the  experimental  and  theoretical  values  Is  relatively 
larger  for  the  uncoated  fiber  composite  system.  This  is  because  absence  of  the  coating 
will  in  all  likelihood  lead  to  formation  of  a  reaction  zone  at  the  fiber/matrix  Interface, 
thereby  affecting  the  overall  composite  expansion. 

4.6  Effects  of  thermal  stress 

Effects  of  fiber/matrix  processing  induced  thermal  stresses  and  Interface 
roughness  in  PRD-166  fiber/glass  and  PRD-1 66/Sn08/glass  matrix  composites  were 
evaluated  using  two-  and  three-element  models.  Fig.  36.  lliermal  stress  analysis  showed 
radial  tensile  stress  at  the  fiber/coating  and  coating/matrix  interfaces,  Fig.  37.  A  study 
of  indentation  cracks  showed  that  the  interfacial  radial  tensile  stress  combined  with  the 
relatively  weak  mechanical  bonding  between  alumina  and  tin  dioxide  provided  conditions 
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propitious  for  crack  deflection,  a  desirable  feature  from  a  toughness  point  of  view. 
However,  the  tin  dioxide  coated  PRD-166  fiber/glass  matrix  composite  did  not  exhibit  any 
►  sliding  in  the  nanoindentation  test.  This  was  attributed  to  the  fiber  surface  roughness 

induced  compressive  radial  stress  which  was  an  order  of  magnitude  larger  than  the 
thermal  tensile  radial  stress. 

A  similar  thermal  stress  analysis  was  also  carried  out  on  the  BN  coated  Nextel 
480/glass  composites.  In  this  case  the  thermal  stresses  existing  at  the  interfaces  were 
\  minimal.  Results  of  the  analysis  for  the  BN  coated  Nextel  fiber  composites  are  given  in 

Fig.  38. 

Details  of  the  thermal  stress  analysts  carried  out  are  provided  in  Appendix  D. 

4.7  Indentation  testing 

^  The  results  of  the  indentation  tests  performed  are  shown  in  Fig.  3S  for  the  coated 

and  uncoated  fiber  composites.  No  sliding  was  obtained  in  the  coated  and  uncoated 
PRD>166  glass  matrix  systems,  although  some  sliding  was  detected  in  the  BN  coated 

*  Nextel  480/glass  system.  However  a  major  limitation  of  the  equipment  used  was  its 
maximum  load  capacity,  which  was  probably  the  reason  we  did  not  cause  any  sliding  in 
the  PRD-166/glass  system.  However,  this  fact  does  not  undermine  the  strong  bonding 

I 

existing  in  the  system. 

Figures  40  and  41  illustrate  the  Interaction  of  a  matrix  crack  (introduced  by 

•  indentation)  with  the  fiber/matrix  interface  In  the  PRD-1 66/glass  and  PRD-1 66/SnOj/glass 
systems,  re^^pectively.  The  tensile  residual  stresses  at  the  interface  are  not  effective  in 
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deflecting  the  matrix  crack  because  of  the  strong  chemical  bonding  existing  between  the 
fiber  and  matrix  in  the  PRD-166/gIass  system.  On  the  other  hand,  the  SnOj  coating  when 
present  on  the  fiber  surface  reduces  the  extent  of  bonding,  thereby  creating  conditions 
suitable  for  crack  deflection  (at  the  fiber/coating  Interface).  The  fact  that  the  crack  tends 
to  follow  the  inner  circumference,  i.  e.,  the  fiber/SnOg  coating  Interface,  is  understandable 
inasmuch  as  the  fiber/SnOj  coating  interface  Is  purely  mechanical  In  nature  while  there 
may  be  some  chemical  bonding  between  SnOj  and  glass. 

4.8  Surface  roughness  effects 

The  surface  of  the  fiber  has  a  pronounced  effect  on  the  debonding  and  pullout 
characteristics  of  the  alumina/glass  system.  This  was  demonstrated  by  incorporating 
relatively  smooth  single  crystal  fiber  alumina  fibers  (Saphikon)  in  the  glass  matrix. 
Fracture  surface  of  these  samples  showed  extensive  fiber/matrix  debonding  and  pullout. 
The  average  pullout  length  in  these  Saphikon/SnOj/glass  composites  was  106  n,  which 
was  five  times  larger  than  that  in  the  PRD-IBS/SnOz/glass  composite.  The  important  point 
to  note  here  is  that  the  pullout  occurred  at  the  fiber/coating  interface.  This  is  expected 
since  SnOg  and  alumina  have  no  mutual  solid  solubility  and  the  interface  is  weak  in  the 
absence  of  roughness-induced  clamping.  However,  SnOg  does  have  some  solubility  in 
glass.  These  features  can  be  observed  in  Fig.  42. 

Surface  roughness  parameters  were  determined  for  PRD-166  and  Saphikon  fibers. 
Details  of  the  surface  roughness  parameters  are  given  in  Table  15.  The  ratio  of  the 
average  surface  asperity  to  the  radius  of  the  fiber  was  0.064  for  the  uncoated  PRD-166 
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fiber  and  0.009  for  the  uncoated  Saphikon  fiber.  The  asperity  ratio  for  the  SnOa  coated 
PRD-166  fiber  was  0.05,  and  for  the  SnOa  coated  Saphikon  was  0.047. 


5.  CONCLUSIONS 


The  work  done  during  this  project  has  demonstrated  the  feasibility  of  successfully 
using  tin  dioxide  as  a  coating  for  alumina  fiber-based  glass  matrix  composites.  Although 
chemical  bonding  between  the  fiber  and  matrix  was  suppressed  by  the  presence  of  the 
coating,  mechanical  keying  between  the  components  {PRD-166  fiber  and  tin  dioxide) 
because  of  the  rough  fiber  surface  provided  adequate  load  transfer,  but  also  inhibited 
some  of  the  energy  absorbing  processes  such  as  fiber  pullout,  which  are  necessary  for 
a  full  realization  of  the  toughness  enhancement  potential.  This  was  demonstrated  in  a 
composite  containing  a  relatively  smooth  fiber  such  as  Saphikon.  The  fracture  surface 
in  these  composites  exhibited  extensive  crack  deflection  and  neat  fiber  pullout,  thereby 
illustrating  the  interface  engineering  approach  utilized  in  this  project  for  toughness 
enhancement  by  incorporating  a  relatively  weak  interface. 

Boron  nitride  was  as  a  coating  for  the  Nextel  480/glass  composite  system.  The 
presence  of  boron  nitride  weakened  the  fiber/matrix  interface  sufficiently  to  induce  a  large 
amount  of  matrix  cracking  and  extensive  fiber  pullout.  The  fracture  energy  of  these 
composites  was  significantly  enhanced  (by  a  factor  of  15)  due  to  the  incorporation  of  the 
fibers,  without  significantly  reducing  the  strength  of  the  composites. 

The  sol-gel  precursor  technique  has  been  shown  to  be  very  effective  in  improving  the 
sinterability  of  mullite  matrix  based  composites.  The  matrix  powder  obtained  by  such  a 
technique  had  a  fine  size  and  aided  in  the  fabrication  process. 
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Table  1  b.  Physical  prope  rties  of  the  PRD  ~  1 66  fiber 


1 

Fiber  Diameter 

20 

Tensile  Modulus 

380  GPa 

Tensile  Strength 

2025  MPa 

Coeff.  of  Thermal  Exp. 

9xlO-<5  /°C 

Use  Temperature 

1200  “C 

Table  2.  (a)  Chemical  composition  of  ’  !extel  480  fiber. 


A1203 

70 

Si02 

28 

O2O3 

2 

Data  of  3M  Co. 


Tabl  2.  (b)  Physical  properties  of  Nextel  480  fiber. 


Filament 

Diameter:  Major  axis 

Minor  axis 

10-13  pm 

7-9  fim 

Tensile  Modulus 

221  GPa  [63] 

Tensile  Strength 

2043  MPa  [63] 

Thermal  Expansion  Coeff: 

25-500  «C 
500-1000  «C 

4.38  X  10-6/oc 
4.99  X  lO-^rC 

Use  Temperature 

1371 OC 

Filament  Count 

740-780 

Crystal  Size 

<500  nm 

Crystal  Type 

Mullitc 

Density 

3.05  g/cc 

Data  of  3M  Co. 


Table  3a.  Composition  of  N51 A  glass  matrix 


O2 


rest 


Table  3b.  Physical  properties  of  the  N51 A  glass  matrix 


E  (GPa) 

72 

VHN  (GPa) 

0.63 

K  ,  (MPa  mi/2) 

o 

I 

p 

bo 

Q  (g/cm2) 

2.2 

a(0c-l) 

7x10-6 

melting  point  (^C) 

— 

annealing  point  {°C) 

570 

softening  point  (^C) 


785 


Table  4.  Properties  of  commercial  miillite  powder  used  as  a  matrix 
material 


Chemical  formula 

3Al203-2Si02 

Purity 

>99.2% 

Surface  area 

2  nP/g 

Agglomerate  size 

distribution 

24  wt%  for  <1.0  //m 

34  \vt%  for  <1.5  fim 

85  \vt%  for  <3.0  fim 

100  \vt%  for  <6.0  /mi 

Tap  density 

0.9  g/cm^ 

Baikowski  International  Corp. 


Table  5.  Properties  of  Sn02 


Table  6.  Conditions  for  deposition  of  Sn02  by  the  CVD  process 


Temperature 

500  °C 

Time 

5  minutes 

300  K 

Temp  of  H?0 

343  K 

PhzO 

0.238  atm 

PsnCl4 

0.034  atm 

Flow  rate  of  N2 

1  liter  /  min 

Flow  rate  of  O2 

0.6  liter  /  min 

»N2 

4.46  X  10“2  moles/min 

no2  2.67  X  1 0  ^  moles/min 


Table  7.  Characteristics  of  colloidal  precursors 


Precursor 

Composition 

pH 

Surface  area  Stabilizing  alkali 

(wt%) 

Bochmite  Dispal  11N7^ 

SO  AI2O3 

7§ 

no 

Catapal 

70.7  AI2O3 

2.5-5§ 

230 

Silica 

Ludo.x  AS^ 

40  Si02 

9.1 

140 

NH3 

Lvdox  LS^ 

30  Si02 

8.1 

220 

NaaO  (0.1  wt%) 

SP-30t 

30  Si02 

9.9 

340 

Na20  (0.5  wt%) 

t  Remet  Chemical,  Chadwicks,  NY. 
^  Dupont,  Wilmington,  DE. 

§  pH  for  dispersion. 


Table  9.  Weibull  parameters  of  Nextel  480  fiber. 


Fiber 

condition 

a,  MPa-(* 

Weibull  Mean 
Strength,  o,  MPa 

Standard 
Deviation,  s 
MPa 

Coefficient 
of  Variation,% 

Uncoated 

(;.39xl0-‘-’ 

3.75 

1627.29 

484.44 

29.77 

Boron  Nitride 
Coated  (0.1|iin) 

1.00  X  10-15 

5.69 

2000.98 

405.72 

2032 

Boron  Nitride 
Coated  (0.2nni) 

1.21  X  10-iS 

4J4 

2471.02 

643.28 

26.03 

Boron  Nitride  4.09x10“^’  4.97 
Coated  (OJnm) 


1823.88 


428.18 


23.03 


Table  10.  Strength  of  Nextel/glass  composites. 


Sample 

Average  Strength 
(MPa) 

Coefficient  of  Variation 

(%) 

N51A  Glass  Matrix 

64 

14.5 

Ncxtcl  480/Glass 

65.7 

18.9 

BN  coated  Nextel  480/Glass 

76.3 

5.1 

'Iliblc  11.  Static  fracture  toughness  of  Nextel/glass  composites. 


• 

Sample 

Average  Kje 
(MPa  m‘/2) 

Coefficient  of  Variation 
(%) 

Nextel  480/Glass 

1.11 

8.38 

# 

BN  coated  Ncxtcl  480/Glass 
(0.2  |.im  coating) 


2.12 


10.68 


Tkble  12.  Fracture  energy  of  Nextel/glass  composites. 


Sample 

Average  fracture  energy  per  unit 
area  of  crack  surface  (J/m^) 

N51  A  Gla.ss  matrix 

6-8 

Nextel  480/Glass 

28.9 

BN  coated  Ncxtcl  480/Glass 
(50%  max.  load) 


152.7 


Table  13.  Bend  strength  and  work  of  fracture  of  mullite/mullitc  com¬ 
posites  fabricated  using  a  colloidal  sol-gel  processed  rnul- 
lite  powder 


Nextel  480/muUite 

Nextel  550/mullite 

IJncoated 

0.3  (im  BN  1  /tin  BN 

IJncoated 

SiC/BN^ 

Phase 

As-Hpl 

^-alumina 

^-alumina  5-alninina 

rf-ahunina 

(S-alumina 

HTS  (in  air  k  Nj) 

miillite 

mullitc 

luullite  iniiHite 

mullitc  muHite 

nmllito 

mullilu 

Bend  strength 
(MPa) 


A.s-IiP 

HT  (in  air) 

HT  (in  No) 

ll'l 

lOG 

190 

31-1 

324 

204 

24G 

84 

71 

158 

148 

201 

Work  of  fracture 
(J/tr.2) 

As- IIP 

230 

358 

2985 

133 

582 

HT  (in  air) 

156 

908 

600 

76 

237 

HT  (in  Na) 

- 

- 

1 103 

- 

518 

I0.2  fim  of  thickness  for  each  coating. 
lAs-hotpressed. 

§  Heat-treated  at  1300®C  for  Ih. 


Table  14.  Comparison  of  experimental  coeffecient  of  thermal  expansion  of  PRD- 1 66/glass  and 
PRD-166/Sn02/glass  composites  with  values  predicted  by  various  theoretical  models 


Table  15.  Roughness  Amplitude  (A),  Fiber  Radius  (rf),  and  Ratio 
(A/ff)  for  PRD- 166  and  Saphikon  fibers. 


Appendix  A ;  Effect  of  Tin  Dioxide  Coating  on  Tensile  Strength  of 
PRD-166  Fibers. 
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Introduction 

Incorporation  of  fibers  in  glass  or  ceramics  is  one  of  the  most  promising  methods  to  improve  the 
toughness.  The  increase  in  the  toughness  of  fiber-reinforced  ceramic  or  glass  matrix  composites  is  a  conse¬ 
quence  of  a  number  of  energy  absorbing  mechanisms  such  as  fiber/matrix  debonding,  crack  deflection  and 
fiber  pullout  that  are  brought  into  play  by  the  weak  fiber  matrix  interface  (1-2).  Many  fibers  can  potentially 
be  used  as  reinforcement  for  a  ceramic  or  glass  matrix.  Alumina  fiber,  because  it  is  an  oxide  fiber,  is  thermal¬ 
ly  more  stable  tlian  most  of  the  other  nonoxide  fibers  and  hence  would  appear  to  be  an  ideal  reinforcement 
for  glass  and  ceramic  matrix  composites.  PRD  -  166  is  a  relatively  new  fiber  from  Du  Pont  which  contains 
about  20  wt.  %  of  partially  stabilized  zirconia  in  alpha  alumina.  The  dispersion  of  zirconia  in  PRD  -  166 
impedes  the  grain  growth  in  alumina  and  consequently  imparts  high  strength  to  the  fiber  (3).  Because  of 
the  chemical  reaction  between  glass  and  alumina,  reinforcement  of  glass  with  alumina  fibers  is  expected 
to  offer  a  low  level  of  toughness  (4-8).  One  way  of  controlling  the  chemical  interaction  at  the  alumina  fiber 
glass  matrix  interface  is  to  use  SnO:  as  a  barrier  layer  between  alumina  and  glass  (4).  SnO:,  by  vinue 
of  its  low  solubility  in  glass  and  because  it  has  little  or  no  solubility  in  alumina,  scn’cs  as  a  diffusion  barrier 
between  alumina  and  glass.  Diffusion  studies  have  indicated  absence  of  diffused  tin  in  alumina  and  a  small 
amount  of  tin  diffusion  in  glass  (4),  Before  studying  in  detail  the  behavior  of  -JnOj  coated  fibers  in  a  glass 
maU’ix,  it  would  be  useful  to  evaluate  the  effect  of  SnOj  coating  on  the  strength  of  alumina  fibers.  Also, 
since  no  information  of  a  statistical  nature  on  PRD-166  is  available,  the  aim  of  this  work  was  to  study  the 
effect  of  tin  dioxide  coating  on  the  tensile  strength  alumina  (PRD-166)  fibers  using  a  two  parameter  Weibuli 
distribution. 


Experimental  Procedure 

Alumina  fibers  (PRD  166)  manufactured  by  Du  Pont  were  used  in  the  present  work.  These  fibers  were 
coated  with  SnO:  by  a  chemical  vapor  deposition  technique  (4),  Moisture  required  for  chemical  vapor  deposi¬ 
tion  (CVD)  was  introduced  into  the  reaction  chamber  by  bubbling  oxygen  through  water,  while  nitrogen  gas 
was  used  as  carrier  gas  for  SnCL  during  the  CXT)  process.  The  flow  rate  of  the  nitrogen  gas  was  maintained 
at  0.6  liters  per  minute  and  that  of  oxygen  at  1.0  liter  per  minute  during  the  coating  process.  The  deposition 
temperature  was  500®C.  The  single  fiber  tensile  testing  of  the  as-received  and  SnOs  coated  AljOj  fibers 
with  a  gauge  length  of  17  mm  was  done  on  individual  fibers  by  mounting  them  on  a  paper  frame.  The 
sides  of  the  each  frame  were  carefully  slashed  while  it  was  gripped  in  the  tensile  testing  machine.  An  Instron 
tensile  testing  machine  with  a  5  N  load  cell  was  used  for  testing  the  fibers  at  a  crosshcad  speed  of  0.1  mm/s. 
About  eighty  fibers  were  tested  in  as-received  and  coated  condition.  Prior  to  the  tensile  testing,  the  diameter 
of  the  individual  mounted  fiber  was  measured  by  viewing  it  in  a  longitudinal  direction  in  an  optical  micro¬ 
scope.  The  tensile  strength  data  obtained  for  the  coated  as  well  as  as-received  AljOj  fibers  were  analyzed 
using  a  two  para.meter  Weibuli  distribution.  According  to  Wcibul  listribuiion  (9),  which  is  based  on  weakest 
link  theory,  the  probability  of  failure  of  fiber  at  stress  o  is  given  by 

F(o)  B  1  -  cxp(-ao^)  (1) 

where  P,  the  Weibuli  modulus,  is  the  measure  of  the  scaner  in  the  tensile  strength  data  and  a  is  a  scale 
parameter  (10).  Eq.  1  we  can  be  rearranged  as 

In  { In  (l/l-F(o)}  )  =  pino  +  Incr  (2) 

From  Eq.  2,  we  can  obtain  or  and  p  graphically.  Tensile  strength  values  of  the  number  of  fibers  obtained 
were  arranged  in  an  increasing  order  and  each  strength  value  was  assigned  a  probability  of  failure  using 
an  estimator.  The  estimator  F(oi)  =  i  /  (1  +  N)  was  used  in  the  present  study  as  it  gives  a  conscaative 
failure  probability  (F(oi)  Is  the  probability  of  failure  corresponding  to  the  i'*'  strength  value)  and,  from  a 
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Incorporation  of  fibers  in  glass  or  ceramics  is  one  of  the  most  promising  methods  to  improve  the 
toughness.  The  i'':reasc  in  the  toughness  of  fiber-rcinforced  ceramic  or  giass  malrix  composites  is  a  conse¬ 
quence  of  a  nunber  of  energy  absorbing  mechanisms  such  as  fiber/matrix  debonding,  crock  deflection  and 
fiber  pullout  that  are  brought  into  play  by  the  weak  fiber  matrix  interface  (1-2).  Many  fibers  can  potentially 
be  used  as  reinforcement  for  a  ceramic  or  glass  matrix.  Alumina  fiber,  because  it  is  an  oxide  fiber,  is  thermal¬ 
ly  more  stable  titan  most  of  the  other  nonoxide  fibers  and  hence  would  appear  to  be  an  ideal  reinforcement 
for  glass  and  ceramic  matrix  composites.  PRD  -  166  is  a  relatively  new  fiber  from  Du  Pont  which  contains 
about  20  wt.  %  of  partially  stabilized  zirconia  in  alpha  alumina.  Die  dispersion  of  zirconia  in  PRD  -  166 
impedes  the  grain  grovKih  in  alumina  and  consequently  imparts  high  strength  to  the  fiber  (3).  Because  of 
the  chemical  reaction  between  glass  and  alumina,  reinforcement  of  glass  with  alumina  fibers  is  expected 
to  offer  a  low  level  of  toughness  (4-8).  One  way  of  controlling  the  chemical  interaction  at  the  alumina  fiber 
glass  matrix  interface  is  to  use  SnOj  as  a  barrier  layer  bertveen  alumina  and  glass  (4).  SnOj,  by  vinue 
of  its  low  solubility  in  glass  and  because  it  has  little  or  no  solubility  in  alumina,  serves  as  a  diffusion  barrier 
between  alumina  and  glass.  Diffusion  studies  have  indicated  absence  of  diffused  tin  in  alumina  and  a  small 
amount  of  tin  diffusion  in  glass  (4).  Before  studying  in  detail  the  behavior  of  JnOj  coated  fibens  in  a  glass 
matrix,  it  would  be  useful  to  evaluate  the  effect  of  SnOj  coating  on  the  strength  of  alumina  fibers.  Also, 
since  no  information  of  a  statistical  nature  on  PRD-166  is  available,  the  aim  of  this  work  was  to  study  the 
effect  of  tin  dioxide  coating  on  the  tensile  strength  alumina  (PRD-166)  fibers  using  a  two  parameter  Weibuli 
distribution. 


E2>pgritTicnifli..Rf0ggdpi:g 

Alumina  fibers  (PPJ)  166)  manufactured  by  Du  Pont  were  used  in  the  present  work.  These  fibers  were 
coated  with  SnO:  by  a  chemical  vapor  deposition  technique  (4).  Moisture  required  for  chemical  vapor  deposi¬ 
tion  (CVD)  was  introduced  into  the  reaction  chamber  by  bubbling  oxygen  through  water,  while  nitrogen  gas 
was  used  as  carrier  gas  for  SnCU  during  the  CNT)  process.  The  flow  rate  of  the  nitrogen  gas  was  maintained 
at  0.6  liters  per  minute  and  that  of  oxygen  at  1.0  liter  per  minute  during  the  coating  process.  The  deposition 
temperature  was  SOO'C,  The  single  fiber  tensile  testing  of  the  as-received  and  Sr.Os  coated  AljOj  fibers 
with  a  gauge  length  of  17  mm  was  done  on  individual  fibers  by  mounting  them  on  a  paper  frame.  The 
sides  of  the  each  frame  were  carefully  slashed  while  it  was  gripped  in  the  tensile  testing  machine.  An  Instron 
tensile  testing  machine  with  a  5  N  load  cel!  was  used  for  testing  the  fibers  at  a  crosshcad  speed  of  0.1  mm/s. 
About  eighty  fibers  were  tested  in  as-received  and  coated  condition.  Prior  to  the  tensile  testing,  the  diameter 
of  the  individual  mounted  fiber  was  measured  by  viewing  it  in  a  longitudinal  direction  in  an  optical  micro¬ 
scope.  The  tensile  strength  data  obtained  for  the  coated  as  well  as  as-received  A^Oj  fibers  were  analyzed 
using  a  two  parameter  Weibuli  distribution.  According  to  Weibul  listribution  (9),  which  is  based  on  weakest 
link  theory,  the  probability  of  failure  of  fiber  at  stress  o  is  given  by 

F(o)  «  1  -  cxp(-ao^)  (1) 

where  (3,  the  Weibuli  mvidulus.  Is  the  measure  of  the  scatter  in  the  tensile  strength  data  and  a  is  a  scale 
parameter  (10),  Eq.  1  we  caii  be  rearranged  as 

In  { In  {l/;-F(o))  )  «  fJlno  +  Incr  (2) 

From  Eq.  2,  we  can  obtain  a  and  p  graphically.  Tensile  strength  values  of  'he  number  of  fibers  obtained 
were  arranged  in  an  increasing  order  and  each  strength  value  was  assigned  a  probability  of  failure  using 
an  estimator.  The  estimator  F(Oi)  »  i  /  (1  +  N>  was  used  in  the  present  study  as  it  gives  a  consc^ative 
failure  probability  (F(oi)  is  the  probability  of  failure  corresponding  to  the  i'**  strength  value)  and,  from  a 
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reliability  point  of  view,  is  the  probably  the  best  choice  (10-13).  Substituting  the  estimator  F(Oi)  =  i  /(I 
+  N)  in  Eq.  2,  sve  have 

ln[  In  (N+-1)  /  (N+l-i)j  =  plnoj  +  Ina  (3) 

.According  to  Eq,  3,  a  plot  of  ln((N'hl)/(N+l-i))  against  Oj  on  a  log-log  graph  will  be  a  straight  line 
if  the  tensile  strength  data  follow  Wcibull  distribution.  The  slope  of  the  line  then  will  give  P  and  the  intercept 
that  the  line  makes  with  the  Y-axis  will  give  a.  Knowing  a  and  P,  the  Weibull  mean  ’ensile  strengtn,  a, 
standard  deviation,  s,  and  coefficient  of  variation,  C.V.,  arc  given  by  the  following  expressions  : 

0  =  r(l+l/p),  s  ^  a-’'P(r(l+2/p)  -{rHl^-l/P))) and  C.V.  =  100  (s/o) 

Results  and  Discussion 

A  plot  of  the  natural  log  of  tensile  strength  Oj  and  ln(N+l/N+l-i)  for  the  as-received  alumina  (PRD-166) 
fibers  is  shown  in  Fig.  la,  TTic  straight  line  plot  implies  that  the  tensile  strength  data  for  the  as-received 
alumina  fibers  follow  Weibull  distribution.  Tlic  correlation  coefficient  (r‘)  value  was  0.99.  The  different 
Wcibull  parameters  of  the  as-received  alumina  fibers  are  listed  in  Table  I.  The  Weibull  mean  strength  of 
as-received  alumina  fibers  obtained  in  the  present  work  was  1375  MPa,  which  is  low  compared  to  the  value 
of  2070  MPa  reported  by  Rominc  (3).  This  could  be  partly  due  to  the  smaller  gauge  length  used  by  Romine, 
6.4  mm  as  against  17  mm  used  in  the  present  study,  and  partly  due  to  any  processing-induced  defects  in 
the  as-received  fiber  spool.  Figure  2  shows  an  e.xample  of  such  a  defect  in  the  foim  of  a  huge  void  in 
the  fiber  interior.  Similar  processing-induced  defects  have  been  reported  by  Pysher  ct  al.  (1*4)  in  this  newly 
developed  fiber. 

Tensile  strength  data  of  tin  dioxide  coated  alumina  fibers,  similar  to  that  of  the  as-received  alumina 
fibers,  followed  Weibull  distribution.  Fig.  lb.  The  Weibull  parameters  oi  the  tin  dioxide  coated  alumina 
fiber  are  given  in  Table  I.  The  tin  dioxide  coated  alumina  fibers  exhibited  WeiLuH  mean  strength  lower 
than  that  of  the  as-received  fiber,  and  the  decrease  in  the  strength  of  the  coated  fibc'  increased  with  the 
increase  in  the  coating  thickness.  Some  loss  in  strength  of  the  coated  fibers  could  he  due  to  the  high 
temperature  exposure  of  alumina  fiber  during  tin  dioxide  deposition.  This  fact  becon.es  ipparent  from  Table 
11,  which  shows  the  effect  of  high  temperature  on  the  tensile  strength  of  the  uncoated  alumina  fiber:'. 
Another  source  of  strength  loss  in  the  coated  fibers  could  be  the  thermal  stresses  genera  ed  during  the  deposi¬ 
tion.  In  order  to  understand  the  effect  of  thermal  str..'ses  in  the  present  case,  we  considered  the  thcrmoelastic 
analysis  of  the  composite  fiber:  a  cylinder  of  alumina  fiber  having  a  sleeve  of  tin  dioxide.  Assuming  plane 
strain  conditions,  the  three  stress  components:  axial  stress,  Oj,  radial  stress,  o,  and  circumferential  stress, 
oq  for  the  fiber  (component  1)  and  the  coating  (component  2)  are  given  by  the  follosving  set  of  equations 
115.161: 


0,1=  ooi  «  (l-b^/a^lS,o.  0,1  =  (l-bVa*|o,2,  0,2=  (l-bVr’)S,g.  and  002  =  [l+bVr’lS.g 

0.2=  E,E2  (Ac,  /D)  (E,(ltv)  (1+bVa^)  +  E2(l+v)  (bVa^-l)) 

S,o  =  E.Ei  (Ae,  /D)  (E,(Uv)  +  E2(l+v)  (bVa^-l)) 

2(  E,  V  +  E2  v  (bVa*-l)|  E;  +  E2  (bVa*-l)) 

^  “  (E,  (1-  V  +(1+  v)  (bW)]  E,  V  f  Ej  V  (bVa=-l) 

+  El  (1-v)  (bVa*-l)} 

where  ‘a’  and  ‘b’  are  the  radii  of  the  as  received  and  tin  dioxide  coated  fibers,  respectively,  ‘E’  is  the  young's 
modulus,  and  ‘v*  is  the  Poisson's  ratio.  The  thermal  strain  is  given  by 

„  a  (0!j  -  a2)  dT  =  (otj  -  0(2)  (T[  -  Tj) 
iTi 

where  'a'  is  the  thermal  expansion  coefficient  and  'Ti'  and  ‘T|'  are  the  initial  and  final  temperature,  respec¬ 
tively.  The  thermal  expansion  coefficient  and  elastic  modulus  data  used  to  compute  the  thermal  stresses 
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reliability  point  of  view,  is  the  probably  the  best  choice  (10-13).  Substituting  the  estimator  F(Oi)  =  i  /(I 
+  N)  in  Eq.  2,  we  have 

ln(  In  (N+1)  /  (N+l-i))  =  plno,  +  Ina  (3) 

.According  to  Eq.  3,  a  plot  of  ln((N+l)/(N+l-i))  against  Ot  on  a  log-log  graph  will  be  a  straight  line 
if  the  tensile  strength  data  follow  Weibull  distribution.  The  slope  of  the  line  then  will  give  p  and  the  intercept 
that  the  line  makes  with  the  Y-axis  svill  give  o:.  Knowing  o:  and  P,  the  Weibull  mean  ‘ensile  strengtn,  a, 
standard  deviation,  s,  and  coefficient  of  variation,  C.V.,  arc  given  by  the  following  exp'-essions  : 

0  =  q:-''P  r(l+l/p),  s  ^  Q;"'^P[r(  1+2/p)  -{P(l+l/p)))''^  and  C.V.  =  100  (s/o) 

Results  and  Discussion 

A  plot  of  the  natural  log  of  tensile  strength  Oi  and  ln(N+l/N+l-i)  for  the  as-received  alumina  (PRD-166) 
fibers  is  shown  in  Fig.  la,  The  straight  line  plot  implies  that  the  tensile  strength  data  for  the  as-received 
alumina  fibers  follow  Weibull  distribution,  flic  correlation  coefficient  (r-)  value  was  0.99.  The  .different 
Weibull  parameters  of  the  as-received  alumina  fibers  are  listed  in  Table  I.  The  Weibull  mean  strength  of 
as-received  alumina  fibers  obtained  in  the  present  work  was  1375  MPa,  which  is  low  compared  to  the  value 
of  2070  MPa  reported  by  Romine  (3).  This  could  be  partly  due  to  the  smaller  gauge  length  used  by  Romine, 
6.4  mm  as  against  17  mm  used  in  the  present  study,  and  partly  due  to  any  processing-induced  defects  in 
the  as-received  fiber  spool.  Figure  2  shows  an  e.\ample  of  such  a  defect  in  the  foim  of  a  huge  void  in 
the  fiber  interior.  Similar  processing-induced  defects  have  been  reported  by  P)'sher  et  al.  (14)  in  this  newly 
developed  fiber. 

Tensile  strength  data  of  tin  dioxide  coated  alumina  fibers,  similar  to  that  of  the  as-reccived  alumina 
fibers,  follosved  Weibull  distribution,  Fig.  lb.  The  Weibull  parameters  ui  the  in  dioxide  coated  alumina 
fiber  are  given  in  Table  I.  The  tin  dioxide  coated  alumina  fibers  exhibited  WeibuH  mean  strength  lower 
than  that  of  the  as-received  fiber,  and  the  decrease  in  the  strength  of  the  coated  fibe*  increased  with  the 
increase  in  the  coating  thickness.  Some  loss  in  strength  of  the  coated  fibers  could  Ic  due  to  the  high 
temperature  exposure  of  alumina  fiber  during  tin  dioxide  deposition.  This  fact  becon.es  ipparent  from  Table 
II.  which  shows  the  effect  of  high  temperature  on  the  tensile  strength  of  the  uncoated  alumina  fibeiT. 
Another  source  of  strength  loss  in  the  coated  fibers  could  be  the  thermal  stresses  genera .ed  during  the  deposi* 
tion.  In  order  to  understand  the  effect  of  thermal  sir^'ses  in  the  present  case,  we  considered  the  thcrmoelastic 
analysis  of  the  composite  fiber:  a  cylinder  of  alumina  fiber  having  a  sleeve  of  fin  dioxide.  Assuming  plane 
strain  conditions,  the  three  stress  components:  axial  atress,  o,.  radial  stress,  o,  and  circumferential  stress, 
oo  for  the  fiber  (component  1)  and  the  coating  (component  2)  are  given  by  the  following  set  of  equations 
(15.161: 

0,1  =  ooi  =  [l-b^/a*]2,o,  0,1  -  (l-bVa’lo,:,  o,2  =  [!-bVr^|S,0.  and  O02  =  (l+bVr^)2,0 


0,2=  EiE,  (Ae,  /D)  (Ei(l+v)  (1+bVa^)  +  Ejfl+v)  (bVa^-l)) 


2,0  =  EiEj  (Ac,  /D)  (E,(ltv)  +  E2(l+v)  (bVa^-l)) 


2(  El  v  +  E2  v  (bVa*-l))  Ei  +  £2  (bVa*-l)) 

^  “  {El  (1-  V  +(1+  v)  (bVa^)]  E,  +  E2  V  (bVa^-1) 

+  E2  (l-v)  (bVa^-1)) 

where  'a'  and  ‘b’  are  the  radii  of  the  as  received  and  tin  dioxide  coated  fibers,  respectively,  ‘E*  is  the  young’s 
modulus,  and  ‘v’  is  the  Poisson's  ratio.  The  thermal  strain  is  given  by 


..  V 


=  -  a2)dT  =  (a,  -  a2)  (Tt  -  TO 

iTi 


where  ‘ot’  is  the  thermal  expansion  coefficient  and  Ti’  and  ‘Ti’  are  the  initial  and  final  temperature,  respec¬ 
tively.  The  thermal  expansion  coefficient  and  elastic  modulus  data  used  to  compute  the  thermal  stresses 
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arc  given  in  Table  HI.  Because  of  the  unavailability  of  the  Poisson’s  ratio,  we  assumed  vj  ■  Vj  n  v  »  0.25, 
The  thermal  stress  distribution  in  the  fiber  and  the  tin  dioxide  coating  is  shown  in  Fig.  3. 

The  drop  in  strength  of  the  coated  fibers  can  be  explained  by  considering  the  effects  of  the  thermal 
su-csses  developed  during  the  deposition  of  tin  dioxide.  First,  the  axial  thermal  stress  in  the  fiber  may  lower 
the  strength  of  the  fiber  by  an  amount  equal  to  the  thermal  stress.  Alternatively,  the  tensile  radial  stress 
at  the  interface  can  damage  the  aiumina/SnOj  interface.  Figure  4  shows  the  cross-section  of  a  coated  aiumina 
fiber.  Note  the  notches  in  the  coating,  which  could  have  come  about  during  a  chemical  vapor  deposition 
process  or  because  of  the  radial  tensile  stress  at  the  interface.  Under  an  axial  load,  a  notch  in  the  coating 
would  lead  to  failure  of  the  coated  alumina  fiber.  An  example  of  .  uch  an  occurrence  is  shown  in  Fig.  5. 
One  of  these  notches  in  the  coating  becomes  the  flaw  that  leads  to  the  failure  of  the  alumina  fiber.  Thus, 
we  can  treat  the  coating  thickness  as  a  rough  indicator  of  the  initial  flaw  size,  i.c.,  a  single  edge  notch  type 
flaw.  Taking  the  toughness  of  the  coated  fiber  with  a  single  notch  to  be  given  by  Kic  «  1.12  o  (Fla)''*,  the 
toughness  values  are  given  in  Table  IV.  Here,  we  have  taken  the  flaw  size  to  be  equal  to  the  coating  thickness. 
We  have  neglected  the  10  pm  thick  coating  specimen  because  it  corresponds  to  76%  volume  fraction  of 
tin  dioxide  and  24%  of  alumina.  Clearly,  compared  to  the  size  of  the  possible  interfacial  flaws,  this  coating 
thickness  is  too  large.  In  this  case,  one  may  not  assume  that  coating  thickness  is  a  measure  of  the  flaw  size; 
i.e.,  an  intcrfacial  flaw  in  such  a  case  will  not  constitute  a  single  edge  notch.  Other  values  of  toughness, 
given  in  Table  IV,  are  in  the  range  of  toughness  of  alumina. 


The  effect  of  the  tin  dioxide  coating  on  the  tensile  strength  of  alumina  (PRD-166)  fibers  was  studied 
by  subjecting  the  fibers  to  single  fiber  tensile  testing.  The  as-received  alumina  fibers  showed  a  Weibull 
mean  tensile  strength  of  1375  MPa,  while  alumina  fibers  coat  i  with  SnOj  exhibited  a  decreasing  tensile 
strength  with  increasing  coating  thickness.  The  loss  in  the  strer  t  n  of  tin  dioxide  coated  (PRD-166)  alumina 
fibers  is  attributed  to  two  causes  i)  the  exposure  of  the  fibers  to  high  temperature  during  deposition  process 
and  ii)  due  to  the  thermal  suesses  generated  during  the  deposition  of  tin  dioxide. 
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Tensile  Strength,  Oi(MPa) 


Fig.  1.  Weibullplot  for  a)  as-received  and  b)  SnO?  coated  alumina  (PRD-166)  fibers. 


Table  I.  WeiboU  Parameters  of  As-received  and  Tin  dioxide  coated  Alumina  Fibers 


Fiber 

condition 

a,  MPa 

(3 

Weibull  Mean 
Strength,  o,  MPa 

Standard 
Deviation,  s, 
MPa 

Coeff.  of 
Variatic;.,  % 

Correlation 
Coeff,  r* 

As-received 

.21. .X  10'“ 

3.7 

1375 

418 

bO 

0.9P 

SnOj  Coated 
(0.4  thick) 

.12.x  10*'’ 

4.5 

1060 

265 

25 

0.9S 

Sn02  Coated 
(0.5  Jim  thick) 

.98  X  10-‘* 

4.0 

966 

273 

2.8 

0.95 

SnO:  Coated 
(0.8  Jim  thick) 

.49  X  10*” 

3.8 

851 

279 

33 

0.99 

SnOz  Coated 
(2.0  Jim  thick) 

.45  X  10*” 

3.9 

702 

227 

32 

0.96 

SnOi  Coated 
(10  Jim  thick) 

.58  X  10*’ 

3.2 

166 

56 

34 

_ 

0.96 
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Table  II.  Effect  of.Temperature  on  the  Tensile  Strength  of  Alumina  Fiber. 


Fiber 

a,  MPa 

P 

Mean  Su'cngth, 
0,  MPa 

Standard 
Deviation,  s 
MPa 

Coefficient 
of  Variation,  % 

As  -  Received 

.21879  X  10-“ 

3.66279 

1375.7 

417.9 

30.3 

Exposed  at  500  °  C 
for  90  Minutes 

.10241 X 10-“ 

3.79126 

1313.6 

386.8 

29.4 

Exposed  at  600  °  C 
for  90  Minutes 

.77594  X  10-“ 

3.20340 

1283.0 

439.6 

34.2 

Exposed  at  900  °  C 
for  90  Minutes 

.23288  X  10-“ 

3.77834 

1083.3 

319.9 

29.5 

Table  III.  Tljermo-Mcchanical  Properties  of  PRD  -166  and  SnO:  * 


*  The  source  of  the  data  is  given  in  parenthesis. 


Appendix  B  :  Role  of  the  Sn02  Interphase  in  an  Alumina/Glass 
Composite  :  A  Fractographic  Study. 
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The  role  of  tin  dioxide  (SnOj)  interphase  for  the  alumina/glass  composite  system  was 
investigated  using  fractography.  Alumina  (AI2O3)  and  glass  form  a  strong  chemical  bond 
which  is  undesirable  for  toughness  in  a  ceramic  matrix  composite.  SnO,  interphase  was 
incorporated  to  prevent  this  strong  bond  between  alumina  and  glass.  Sn02  was  deposited  on 
AI2O3  substrates  via  chemical  vapour  deposition  and  bonded  with  glass.  The  role  of  the 
interphase  was  then  studied  by  characterizing  the  fracture  surfaces  of  the  bend  test  and 
special  composite  disc  samples  loaded  in  diametral  compression.  Bend  tests  results  showed 
that  the  SnOj  int(,;phase  and/or  the  Sn02/Al203  interface  acted  as  a  plane  of  weakness. 
Secondary  cracking  at  90®  to  the  major  crack  direction  was  observed  along  this  plane  of 
weakness,  which  appears  to  be  in  accord  with  the  Cook  and  Gordon  model.  Crack  deflection 
and  secondary  cracking  were  also  observed  in  the  Sn02  region  of  the  compression  samples. 
These  results  indicate  the  suitability  of  Sn02  interphase  for  the  alumina/glass  composite 
system. 


1.  Introduction 

The  high  thermal  stability  and  elastic  modulus  of 
ceramic  materials  coupled  with  their  low  density  and 
corrosion  resistance  make  them  very  attractive  for 
high-temperature  applications  [1].  Ceramic  materials, 
however,  lack  toughness.  Currently,  a  considerable 
amount  of  research  is  being  directed  at  improving 
their  toughness.  One  of  the  major  efforts  in  this  regard 
has  been  devoted  to  fibre-reinforced  composites,  parti¬ 
cularly  those  reinforced  with  carbon,  SiC,  and  alu¬ 
mina  fibres  [2].  Carbon  fibre-reinforced  glass  matri.\ 
composites  [3]  have  shown  a  wide  range  of  attributes 
which  include  high  strength,  high  stiffness,  e.'cellent 
toughness,  and  low  density.  SiC  fibre-reinforced  glas¬ 
ses  and  glass-ceramics  have  also  shown  a  good  combi¬ 
nation  of  strength  and  toughness  [2].  The  toughness 
>mpro\ement  in  both  carbon  [4]  and  SiC  [2,  5]  fibre- 
reinforced  composites  has  been  attributed  to  the  weak 
'bonding  between  the  fibre  and  matrix  leading  to  fibre 
pullout  before  fracture.  Studies  of  thermal  stability  of 
fornposites  have  shown  oxidation  of  carbon 
r^  in  air  [6]  and  gradual  strength  degradation  of 
Joteir  almost  any  environment  when  exposed 
j^Perat'ire  as  high  as  1200®C  or  more  [7].  Thus,  it 
appe^.  jjjg  application  of  ceramic  com- 
^®‘nforu.;  with  cither  carbon  or  SiC  fibres  is 
far  as  high-temperature  use  is  concerned. 
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Alumina  fibre-reinforced  glass  was  shown  to  be 
unaffected  by  exposure  to  temperatures  up  to  1000  "C; 
however,  the  overall  levels  of  toughness  and  strength 
obtained  were  less  than  those  achieved  through  the 
use  of  carbon  fibre-reinforcement  [2].  The  low  tough¬ 
ness  and  strength  mainly  result  from  the  dissolution  of 
alumina  fibres  into  the  glass  matrix  producing  a  very 
strong  chemical  bonding  between  the  two  components 
[8-10].  An  approach  to  overcome  this  problem 
involves  interface  engineering.  The  basic  idea  is  to 
incorporate  an  interphase  layer  between  fibre  and 
matrix  that  would  act  as  a  diffusion  barrier  betvvecn 
the  two  components  and. limit  the  interface  bond 
strength  so  that  debonding  can  occur  during  passage 
of  a  crack.  Bender  er «/.  [11]  showed  the  effect  of  fibre 
coating  on  the  toughness  improvement  of  silicon 
carbide  fibre-reinforced  zirconia  composite.  The  thin 
boron  nitride  (BN)  coating  used  in  their  investigation 
(1-2  pm  thick)  prevented  any  dissolution  of  fibre  into 
the  matrix.  Other  investigators  employed  BN  coaling 
on  silicon  carbide  fibre  in  various  matrices  [12,  13] 
and  obtained  lower  interfacial  shear  stress  which 
resulted  in  a  more  extensive  fibre  pullout  during  the 
composite  fracture.  For  alumina/glass  composite, 
Maheshwari  et  at.  [10]  studied  the  effect  of  Sn02 
coating.  The  Al203-Sn02  phase  diagram  predicts  no 
mutual  solid  solubility  at  temperatures  as  high  as 
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1620°C  [14],  Maheshwari  et  al  obt  iinf/i  t  i  losts  alumina  substrates  were  surface 

concentrations  at  intervals  of  6M  aril  paper.  SnO:  interphasc  was  ob- 

interfaces.  Thev  invcsiio:it;>a  finished  _ " -in  fnr  of) min.  OxVMcn  was  used 


interfaces.  They  investigated  dilVu^on  of  sTsi'^r  TaI  ■  C W  at  7^0  C  for  20  min.  Oxygen  was  used 

across  .ho  A,.0,/S„0.  ^  Sfarricr  o”s  tor  b«,h  wo.cr  vapour  .0,5  min-') 

rngoccron  microprobc.  Diffusion  profiles  for  Sn,  Si  ^500.111  min' 'I 

fn.o,bc«rumic.«bcrouc,or«hero.hod.po«.ono^^ 


ana  At  snowed,  as  expected,  little  evidence  of  diffusion  into  the  ceramic  tube  reactor  where  tne  oepos.uon  o. 

across  the  alumina/SnOj  interface  at  high  temper-  SnO  look  place.  Bv  altering  the  oxygen  flow,  one 

atures.  However,  small  amounts  of  Sn.  Si.  and  Al  rodd  optimize  the  humidity  level  of  the  systtmi  to 

diffused  across  the  SnO^/glass  interface.  Therefore  obtain  reproducible  coatings.  SnOrCoated  and  un- 
they  concluded  that  the  lack  of  solid  solubility  of  coated  alEmina  substrates  were  bonded  to  glass  at 

SnOj  in  AUO,  and  very  low  solubilitv  in  class  at  hich  900  =C  for  1  h  Fiu.  1  shows  schematically  a  coated 

temperatures  coupled  with  its  refractoriness  make  composite  sample.  A  straight  notch  was  introduced  at 

SnOj  an  ideal  candidate  for  producing  an  interphasc  the  centre  of  the  component  on  the  tension  side  to 

for  the  alumina/glass  composite  system.  They  also  control  the  crack  initiation.  Straight  notches  were 

obtained  some  preliminary  results  from  indentation  made  with  a  diamond  wafer  blade  to  a  depth  of  about 

cracking  technique  showing  the  ability  of  SnO,  to  I  mm.  Bend  tests  were  conducted  in  an  Instron 

cause  crack  deflection  at  the  AljOj/SiiO,  interface.  A  machine  using  a  crosshcad  speed  of  0.005  cm  min'', 

suitable  interphasc  must  provide  a  weak  enough  inter-  The  same  procedure  was  followed  to  coat  AljOj 
face/  interphasc  to  allow  crack  deflection  and  fibre  ring  samples  and  subsequently  bond  them  with  the 
pullout.  If  the  Al20j/Sn02  interface  and/or  the  SnO.  class.  Fie.  2.  The  resulting  composite  discs  were 
interphasc  itself  arc  weak  enough,  then  either  one  of 


them  or  both  can  provide  planes  of  weakness  in  front 
of  an  oncoming  crack  to  cause  crack  deflection  and/or 
secondary  cracking  [15].  The  objective  of  this  fracto- 
graphic  study  was  to  examine  this  phenomenon  in 
detail. 


2.  Materials  and  experimental 
procedure 

The  materials  (ised  for  this  experiment  were  poly- 
crystalline  ct-alumina  (99.5%)  and  a  borosilicate  type 
glass  (N5I  A).  The  nominal  composition  of  the  glass  is 
given  in  Table  I.  Stannic  chloride  (SnClj)  was  used  to 


Fiaun'  I  Schenuiiic  Jrinving  of  a  coaled  eomposilc  sample  showing 
the  Nariou,  coinponenis.  A  and  0  indicate  alumina  and  glass, 
respcciisci). 


chemically  vapour  deposit  (CVD)  tin  dio.xidc  (SnO,) 
on  to  alumina  substrates.  Table  11  gives  some  physical 
and  mechanical  properties  of  tin  dioxide  along  with 
those  of  alumina  and  glass. 


TABLE  I  Nominal  composition  ofNSIA  glass  [17] 


Wl  % 

wl  % 

SiO, 

72 

Si 

33.6 

B,0, 

12 

B 

3.S 

A1,0, 

7 

Al 

3.7 

CaO 

1 

Ca 

0.7 

NajO 

6 

Na 

4.5 

KjO 

2 

K 

1.7 

BaO 

<0.1 

Ba 

trace 

Oj 

balance. 

TABLE  11  Important  mechanical  and  physical 
alumina,  tin  dioxide  and  glass 

properties  of 

Alumina 

SnO, 

Glass 

£(GPa) 

360-400  [18] 

233  [19] 

72  [17] 

VHN  tOPa) 

1.73  [20] 

1.13  [20] 

0.63  [20] 

3C|,  (MPa  m'  *) 

2.6  +  0.1  [9] 

0.7-0.8  [9] 

ptgem"’) 

3.9-4.0  [18] 

6.95  [21] 

2.3  [17] 

adO'^C'*) 

7.4  [22] 

3.77  [19] 

7  [17] 

Melting  point  (‘O 

2015-2050  [23] 

1630  [21] 

- 

Annealing  point  (  C) 

- 

- 

570  [17] 

Softening  point  ('C| 

- 

785  [17] 

Figun-  ’  Schematic  drawing  of  a  composite  disc  sample. 


loaded  in  diametral  compresvion  [IP).  Thi.s  uoirmclry 
-l^-providcs  a  pimple  nictltod  fur  obtaining  a  tensile  stress 
•  normal  to  liie  interface  interphase,  riie  compression 
tests  were  interrupted  pciioilically  and  the  composite 
discs  were  ob.sencd  with  a  metallugraph  and  Sr,.\l  for 
any  possible  cracking  or  debonding  at  the  interface, 
interphasc.  I'racturc  surfaces  were  e.xamined  by  Sf.;M. 

3.  Results  and  discussion 
I  3.1 .  Bend  test 

Some  features  of  the  fracture  surfaces  of  several 
notched  alumina,  glass  bars  broken  in  bend  tests  arc 
H  described  below. 

Figs  3  and  4  show  the  relatively  Hat  fracture  surfaces 
,  of  uncoated  ami  coaleil  s.imples,  respectively.  Figs  .3b 
,  and  4b  .show  the  interface  inierphase  legiuiis  of 
^  Figs  3a  and  4a  at  lugher  magnilication  (ariovvs  indi¬ 
cate  crack  piopagation  dircclionl.  The  uncoaled 
•0  sample  (Fig.  .'d  showed  a  verv  intact  and  .solid  inter¬ 
face,  The  CvMicvl  s.imple.  howevci.  showed  secondary 
cracking,  e.g.  in  the  legiim  m.nked  by  a  rectangle  in 
Fig.  4b.  At  still  higbei  in.igmiie.ilion.  sevond.iry  ciacks 
along  the  Al.tJ,,  SnO.  Inieif.iee  (I  ig.  .\ii  ,ind  in  tlie 
SnOj  inlcrph.ise  tl'igs  ."'ll  and  61  weie  cleailv  observ- 
^  iiblu. 


Careful  ob.serv  ation  and  comparison  of  Figs  5  iiiid  6 
reveal  that  the  features,  in  the  plane  of  the  picture  (the 
primary  crack  1.  on  the  fr.icluro  surface  of  Fig.  5.  are  all 
discontinuous  across  (ho  secondary  crtick.  That  dis¬ 
continuity  indicates  that  the  secondary  crack  passed 
throtigli  tltc  plane  of  the  micrograph  before  the  prim¬ 
ary  crack  at  rived.  In  Fig.  6.  the  fracture  surface  fea¬ 
tures  are  coniimious.  The  occurrcnec  of  secondary 
cracks  with  discontinuous  fracture  surfitco  features 
may  be  e.xplained  by  considering  the  state  of  stress  at 
the  crack  tip  as  analysed  by  Cook  and  Gordon  [15]. 
Their  analysis  gives  the  stress  distribution  near  the 
crack  tip  for  various  applied  stress  systems,  e  g.  uni¬ 
axial  tension  or  wedge  opening.  It  turns  out  that  the 
stress  distribution  near  the  crack  tip  is  about  the  same 
for  dilTcrcnt  stress  systems.  Along  the  main  crack 
direction  ti.e.  .\-a\is)  a,,  is  initially  very  high,  but  it  falls 
sharply.  Fig.  7,  However,  n,  increases  from  zero  at  the 
crack  tip  and  at  a  small  distance  (roughly  equal  to  one 
crack  tip  r.nlius  as  per  Cook  and  Gordon  model) 
reaches  a  maximum,  the  value  of  which  is  about  one- 
fifth  of  the  maximum  value  of  a,  ti.e,  o,  J  o, 

As  one  moves  along  the  v-axis  away  from  the  crack  lip 
and  past  the  maximum  value  of  o,,  the  two  stresses  n, 
and  soon  become  rvuighiy  equal  to  each  other  and 
fail  ofV  together  rougldy  as  the  inverse  square  root  of 


Finrn-  3  l.n  !■  r.utufc  'tiff.uc  nf  .in  iiikimiciI  \I,-< ) ,  ctiinpoMic  .U  Km  magnitkaiion  ibl  lal.  ilie  arrow  indicates  ihe crack  propagation 
direction.  Note  the  integrity  of  the  aliinnn.i  gl.iw  interface. 


Figure  4  lul  Fraciurc  'iirf.icc  of  a  coated  .M.-O.,  gl.iw  eoinpoMic  at  low  magnificaiion  (bi  lai;  the  area  in  the  rectangle  eoiuains  secondary 
sracks.  The  arrow  indicates  ilie  crack  propag.iiion  direction 
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Figure  S  (ill  Scci'iu!.ir>  cr.iik  at  the  SiiO .  jMjO.i  inicrfiiw.  il'i  Scwoiuliiry  crack  in  the  SnO,  intcrphasc.  The  fracture  surface  features  are  not 
continuous  acri>sN  the  crack, 


Figure  6  ScconJ.iry  crack  in  the  SnO,  interpliave  near  the 
SnOj/AIjO,,  interface.  I  he  fracture  Mirface  feature',  .ire  coiiiiniioiis 
across  the  crack. 


the  distance  from  the  crack  tip.  Fig.  8  shows  a  schem¬ 
atic  drawing  of  a  iltree-poitil  bend  laminate  composite 
sample  after  the  applictition  of  load.  Analogous  to  the 
stress  analysis  of  Cook  and  Gordon  [15],  a  tria.\ial 
state  of  stress  prevails  at  the  crack  tip  tinder  load.  o,. 
and  o,  are  indicated  in  Fig.  8.  o.  if  present  (plane 
strain)  will  act  perpendicular  to  the  plane  of  the  figure. 
Also  shown  in  Fig.  8  are  the  secondary  cracks  as 
observed  in  the  present  work.  Fig.  9  shows  the 
long  transverse  side  of  a  four-point  bend  sample 
broken  at  500  C.  Note  the  debonding  along  the 
AljOj/SnO-  interface  caused  by  formation  of  second¬ 
ary  cracking.  It  would  appear  that  these  secondary 
cracks  at  Al-O,  SnO,  interface  or  in  SnO,  would 
have  formed  as  per  the  mechanism  suggested  by  Cook 
and  Gordon.  This  mechanism  indicates  that  if  the 
interface  is  weak  enough,  it  will  crack  open  some 
distance  ahead  of  the  primary  crack  forming  a  second¬ 
ary  crack  as  shown  in  Fig.  10. 


y 


Figure  7  State  of  stress  at  a  crack  tip.  Along  the  .v-axis.  o, ,  although 
initially  high,  falls  sharply.  However,  o,  increases  from  zero  at  the 
crack  tip  and,  at  a  distance  roughly  equal  to  one  crack  tip  radius, 
reaches  a  maximum  value  which  is  about  one-fifth  of  the  maximum 
value  of  o,  [15]. 


Figure  8  Bend  lest  specimen  after  the  application  of  load  showing 
secondary  cracking  in  the  interphase  layer. 


Fiiiiirv9  Lony  iransvcrsc  view  of »  foiinpuiiu  bend  lest  specimen 
;trierfriicltirc:il  5I)I)  C.  Noielhcdclxiiulinpiiloiiutlic  AljOj/SnO^ 
intciface  caused  by  rormation  uf  secondary  cracking. 


3.2.  Compression  test 

The  main  reason  for  using  tliis  special  test  was  lo 
exploit  the  did’erence  between  the  I’oisson's  ratios  of 
alumina  and  glass  (0.27  and  0.21,  respectively).  This 
difference  was  e.xpceted  to  cause  debonding  at  the 
alumina/glass  interface  under  compression.  This 
debonding  could  occur  if  the  transverse  elastic  stress 
generated  due  to  the  dilTcrence  in  Poisson's  ratios  was 
larger  than  the  strength  of  the  aluniina/glass  interface. 
Compression  tests  performed  on  uncoated  samples 
revealed  no  debonding  at  the  interface.  The  absence  of 
debonding  along  the  alumina/glass  interface  is  a  good 
indication  that  the  elastic  stress  generated  due  to  the 
difference  in  Poisson's  ratios  is  smaller  than  the 
strength  of  the  alumina/glass  interface. 

The  coaled  disc  sample  broke  into  two  halves  just 
as  the  uncoated  one  did.  l-'ig.  1 2  shows  schematically  a 
broken  half  of  the  coaled  sample.  The  fracture  surface 
was  observeil  in  the  SP.M  and.  not  unexpectedly, 
secondary  cracks  were  observed  at  various  locations 
within  the  .SnO.  interphase,  ^•■ig.  1.^  shows  one  such 
secondary  crack.  This  crack  may  have  initiated  at  the 
alumina/SnO*  interface,  then  entered  the  SnO.  inter- 
phase,  extending  almost  parallel  to  the  interface  and 


f/giin'  to  I'rnviiirc  uf  tlic  interface  some  disiana'  ahead  of  the 
primary  crack  [15]. 


Figure  //  Pcnciraiion  of  ihc  primary  crack  through  the  interface 
\shich  may  crack  immediately  behind  the  primary  crack  tip  [IS]. 


In  cases  where  there  exists  a  continuity  of  features 
on  the  primary  fracture  surface  across  the  secondary 
crack  (Fig.  6),  Cook  and  Gordon  considered  the  case 
of  primary  crack  penetration  through  the  interface 
which  may  crack  open  afterwards.  According  to  this 
model  which  is  schematically  shown  in  Fig.  11, ‘the 
interface  opens  up  behind  the  primary  crack  tip  to 
yield  a  cruciform-shaped  crack.  What  is  important  to 
emphasize  at  this  point  is  that  this  later  secondary 
crack  formation  also  represents  an  energy-consuming 
feature  of  the  overall  fracture  process,  and  hence  a 
contribution  to  toughness. 

In  both  cases,  the  occurrence  of  secondary  cracking 
or  crack  deflection  provides  an  energy-dissipating 
mechanism  in  the  alumina/glass  composite  system. 


Figure  i 2  Svlwm.iiiv  drawing  of  a  compo'dic  disc  >ampltf  luoken 
under  comprvxsiiin.  I  he  airoos  indicate  the  compression  direction. 


Figure  li  Fracture  surface  of  a  coated  eomps'siic  disc  sample. 
Arrows  show  a  'Ceondary  crack  in  the  SnO.  region.  Note  the 
surface  features  are  continuous. 
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terminating  there.  On  i!ic  faee  normal  to  the  fracture 
surface,  c.xtcnsive  cracking  also  occurred  at  various 
locations  of  the  SnO,  interphase,  f-ig.  14.  high  magni¬ 
fication  view  01  rcct'inglc  1  in  Fig.  12,  shows  the 
cracking  in  the  SnO,  interphase  very  clearly.  The 
phenomenon  of  crack  deliection  at  the  location  mar¬ 
ked  by  rectangle  2  is  shown  in  Fig.  15.  Three  deflected 
cracks  marked  A,  B.  and  C  are  shown  at  higher 
magnification  in  Fig.  15.  the  other  end  of  each  of  the 


Figure  14  Magnilicd  vievv  «>f  I  laurkvd  in  I'iy.  I^  illii'- 

Irating  cracking  of  Sn()<  ni  thi>  loc.aion. 


three  is  portrayed  in  the  schematic  drawing  in  !?• 
b  and  c  end  in  glass  and  d  in  alumina.  The 
pattern  in  this  figure  does  have  the  prop,.-,-  l>enc^  tB 
character  of  fracture  as  per  the  Cook  ai  .-  Gordo  ' 
mechanism. 


4.  Conclusions 

From  this  fractographic  study  on  the  role  of  SnOj  in 
alumina/glass  composites,  wc  can  draw  the  following 
conclusions. 

1.  Observation  of  secondary  cracking  at  the 
AljOji/SnOj  interface  and/or  within  the  SnOj  region 
on  the  fracture  surfaces  of  the  bend  samples  confirmed 
the  weakness  of  both  the  AUOj/SnOj  interface  and 
the  SnO ,  interphasc.  This  secondary  cracking  appears 
to  be  in  accord  with  the  Cook  and  Gordon  model. 

2.  Crack  deflection  in  the  SnOj  region  of  the  disc- 
shaped  composites,  and  the  absence  of  such  a  phe¬ 
nomenon  in  the  uncoated  samples,  also  proved  the 
eventual  toughening  capability  of  the  SnOj  inter¬ 
phasc. 
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Appendix  C :  Characterization  of  Tin  Dioxide  Interphase  Coating 
in  an  Alumina/Glass  Composite. 


Characterization  of  Tin  Dioxide  Interphase  Coating  in 
Alumina/Glass  Composite 

M.  H.  Siadati  and  K.  K.  Chawla 

Dcyartmcnt  of  Mnlerinls  anti  Metallurgical  Engineering,  New  Mexico  Institute  of  Mining  and 
Technology,  Socorro,  NM  87801 

The  purpose  of  this  investigation  was  to  study  the  microstructure  of  tin  dioxide  (Sn02) 
coating  formed  by  chemical  vapor  deposition  (CVD)  as  an  interphase  betwv.cn  alumina 
and  glass.  Different  temperatures  and  times  were  used  to  obtain  coatings  of  this  material 
by  CVD,  Hydrogen  iodide  (57%  concentration)  was  used  to  etch  the  samples.  Low  tem¬ 
perature  (SOO'C)  CVD  resulted  in  a  uniform  columnar  growth,  while  the  high-temperature 
(750‘’C)  CVD  showed  an  irregular,  lateral  growth  of  the  Sn02  grains.  At  SOO'C,  a  longer 
CVD  time  resulted  in  much  more  extended  columnar  growth.  Uniformity  in  thickness 
and  tow  surface  roughness  obtained  in  the  Sn02  deposit  at  SOO'C  and  5  min  would  appear 
to  offer  an  ideal  interphase  for  the  alumina/glass  composite  system.  The  effects  of  the 
deposition  time  and  temperature  on  the  growth  rate  of  the  Sn02  grains  are  discussed. 


INTRODUCTION 

Tin  dioxide  is  a  very  interesting  material. 
It  is  an  n-type,wide-band  gap  semicon¬ 
ductor,  and  a  considerable  amount  of  work 
has  been  done  to  characterize  it  for  its  elec¬ 
trical  and  optical  properties  (1-6).  More  re¬ 
cently,  however,  we  have  discovered  (7, 8) 
the  use  of  SnOz  as  an  interphase  in  the 
alumina/glass  composite  system,  i.e.,  a 
structural  application  of  tin  dioxide,  in  the 
field  of  ceramic  matrix  composites  (CMCs), 
a  considerable  amount  of  research  is  being 
focused  on  interface  engineering  with  the 
aim  of  enhancing  the  toughness  of  these 
materials.  In  the  case  of  the  alumina/glass 
composite  system,  the  idea  is  to  incorpo¬ 
rate  an  Sn02  thin  film  as  an  interphase 
layer  and  a  diffusion  barrier  between  the 
two  components  to  inhibit  a  strong  chem¬ 
ical  bond  between  alumina  and  glass  and, 
thus,  achieve  higher  toughness  in  the  com¬ 
posite  system.  In  this  article  we  wish  to 


report  some  microstruclural  observations 
on  Sn02  in  order  to  Improve  our  under¬ 
standing  of  its  structure  and  properties  for 
the  alumina/glass  composite  system. 


PROCEDURE 

SAMPLE  PREPARATION 

Materials  used  for  this  study  were  poly¬ 
crystalline  a-alumlna  (99.5%)  from  Coors 
Porcelain  Co.  and  a  borosilicate  type  glass 
(N51A)  from  Owens  Illinois,  Inc.  Stannic 
chloride  (SnCU)  was  used  to  chemically 
vapor  deposit  tin  dioxide  (Sn02)  onto  al- 
umirra  and  glass  substrates.  The  experi¬ 
mental  setup  is  shown  in  Fig.  1.  Oxygen 
and  nitrogen  were  used  as  carrier  gases  to 
carry  water  vapor  (0.75  L/min)  and  SnCU 
(I  L/min)-,  respectively,  into  the  ceramic 
tube  where  the  deposition  of  SnOz  on  the 
substrates  took  place.  The  nozzle  of  the 
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tube  conducting  SnCU  vapor  was  stationed 
2  cm  above  the  substrate,  while  the  other 
nozzle  conducting  water  vapor  was  10  cm 
away  in  the  horizontal  direction.  The  water 
for  water  vapor  supply  was  maintained  at 
50*C.  The  SnOz-coated  substrates  were 
then  bonded  to  glass  at  900'C  for  1  h.  Table 
1  presents  the  various  parameters  of  time 
and  temperature  used  and  the  thicknesses 
obtained  in  the  preparation  of  the  three 
samples  1,  2,  and  3. 

ETCHING  PROCESS 

Hydrogen  iodide  (HI)  at  57%  concentration 
was  used  to  etch  the  polished  cross-sec¬ 


tional  surfaces  of  the  three  samples  1,  2, 
and  3.  The  samples  were  dipped  in  an  HI 
acid  bath  maintained  at  55-60*C  during 
etching.  The  samples  were  then  character¬ 
ized  by  SEM  to  obtain  the  best  etching  con¬ 
ditions  (Table  1). 


RESULTS  AND  DISCUSSION 

The  SnOz  coating  obtained  is  a  result  of  the 
following  chemical  reaction  as  demon¬ 
strated  by  Gpshtagore  (9): 

SnCLi  +  2HzO  —*  SnOz  +  4HC1, 

and  our  x-ray  analysis  showed  that  the 
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Table  1  CVD  Parameters  Used  to  Obtain  the  Samples  1,  2,  and  3,  and  the  Etch  Time 


Substrate 

Sample  Temperature  CO  Time  (min)  Thickness  (p.m)  material  Etch  time  (min) 


20  5-15  Alumina 

5  0.8  Alumina 

150  40-45  Glass 


coatings  obtained  in  this  study  are  truly 
SnOj.  Ghoshtagore  (9)  has  also  elaborated 
on  the  mechanisni  of  this  reaction.  Ruling 
^ut  the  Langmuir-Hinshelwood  mecha¬ 
nism  of  surface  reaction  by  two  adjacently 
absorbed  species,  he  has  pointed  out  that 
this  reaction  appears  to  be  a  case  of  Rideal- 
i  Eley  mechanism  where  gaseous  SnCh 
‘  reacts  at  the  substrate  surface  with  ad- 
il^orbed  HjO  molecules.  The  SnOj  coating 
forms  by  a  nucleation  and  growth  mech¬ 
anism.  The  classical  nucleation  theory 
gives  the  critical  radius  as  (lOJ: 

♦  - 

^  ''  "  AG,.  "  krin(P/P,y 

where  r*  is  the  critical  radius,  i.e.,  only 
dusters  larger  than  r*  will  be  stable.  The 
Uher  parameters  in  this  equation  are: 

«r.,,  »  condensate-vapor  interfacial  free 
^  energy 

AC,.  =  Gibbs  free-energy  difference  per 
unit  volume 

V  ~  molecular  volume 
P  =s  supersaturated  vapor  pressure 
^  P,.  =  equilibrium  pressure 
T  =  temperature 
k  -  Boltzmann's  constant 

This  expression,  although  for  homogene- 
'us  nucleation,  shows  the  importance  and 
^fect  of  temperature  on  nucleation  of  a 
TvD  product.  For  a  unit  volume  of  the 
’base  of  molecular  volume  V'  condensed 
rom  the  supersaturated  vapor  of  pressure 
'  to  the  equilibrium  pressure  P,,  increasing 
deposition  temperature  will  result  in  a 
^mailer  number  of  larger-sized  stable  nu- 
*ei.  The  calculated  value  of  r*  for  most 
jses  is  of  atomic  dimensions  [10].  The  het¬ 


erogeneous  nucleation,  which  is  the  case 
in  the  present  work,  can  be  considered  as 
a  geometrically  modified  case  of  homoge¬ 
neous  nucleation  with  regard  to  r*.  An  ad¬ 
ditional  contact  angle  term  enters  the 
e.\pression,  but  the  dependence  of  r*  on 
temperature  remains  the  same  (11,  12). 
Growth  is  very  much  temperature  depen¬ 
dent  too.  Although  a  higher  temperature 
results  in  a  smaller  number  of  stable  nuclei, 
diffusion  processes  |5|  and  recrystalliza¬ 
tion/coalescence  (13)  are  greatly  enhanced 
by  high  temperatures.  The  growth  rate  in¬ 
creases  more  rapidly  with  temperature 
than  nucleation  rale.  At  higher  tempera¬ 
tures,  one  gets  large  grain  sizes  and  the 
films  deposited  may  also  have  a  patchy  ap¬ 
pearance  |5).  Thus,  we  see  that  tempera¬ 
ture  is  the  main  controlling  parameter  for 
nucleation  and  growth  in  CVD.  This  tem¬ 
perature  effect  on  CVD  of  SnOj  was  in¬ 
vestigated  in  this  study.  Other  parameters 
such  as  nozzle-to-substrate  distance,  car¬ 
rier  gas  flow  rates,  water  temperature,  etc. 
were  all  maintained  constant. 

There  exists  a  complex  plasma  process 
[14]  for  Sn02  etching.  We  were,  however, 
successful  in  using  a  simple  chemical  etch¬ 
ing  method  involving  HI  acid  to  etch  the 
SnOj  coating.  The  letters  A,  S,  and  G  in 
the  figures  to  follow  indicate  alumina, 
SnOa,  and  glass,  respectively.  The  arrow 
at  the  bottom  indicates  the  direction  of 
SnOa  growth.  Figure  2  shows  an  etched 
microstructure  of  sample  l:a  20-min, 
75(fC  CVD  coating  of  SnOa  on  an  alumina 
substrate.  The  SnOa  grains  are  large  and 
irregular,  and  the  grain  growth  was  more 
lateral  than  columnar,  because  of  the  high 
deposition  temperature.  Because  the  nu¬ 
cleation  rate  is  low  at  high  temperatures, 
only  a  few  nuclei  will  be  expected.  The  few 
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Fio.  2.  Etched  ndcrosttuclure  of  sample  I  (750'C,  20 
mio).  Till*  coatiiij;  ihickiifss  varies  I’etvveen  5  ami  15 
uni.  Note  the  irrejtular  and  lateral  growth  of  SiiOj 
grains  along  with  twins  in  some  grains.  Some  pores 
at  the  alnmiii.t  Snt)<  interface  can  aiso  he  seen.  The 
arrow  at  the  hoitom  of  the  fignie  indicates  the  direc* 
tion  of  SnO;  grow  th. 

stjtrtilfg  grains  of  SnOj  can  be  observed  at 
the  nlitminn  substrate.  The  fact  that  pores 
are  observed  in  this  figure  may  also  be  at* 
tributed  to  tire  low  nucleation  and  high 
growth  rate  at  this  high  temperature.  An* 
other  interesting  feature  shown  in  this  fig* 
ure  is  the  presence  of  twins.  The  twins  are 
mostly  incomplete  twins  of  parallel  sides. 
The  parallel  sides  of  the  twins  are  likely  to 
be  coherent  boundaries  with  an  incoherent 
(or  semicoherent)  twin  boundary  joining 
the  parallel  faces  (laj. 

Figure  3  shows  a  higher*magnification 
picture  of  an  etched  microstructure  of  sam* 
pie  1  in  the  vicinity  of  SnOj/AbOj  inter* 
face.  This  figure  shows  more  clearly  the 
very  small  grains  that  initially  grew  on  the 
alumina  substrate.  The  growth  of  a  thin 
film  can  take  place  by  one  of  three  modes 
(13):  (1)  layer*by*layer,  which  occurs  if 
either  on  one  e.\treme  the  adatoms  have 
little  mobility  (as  in  amorphous  deposits), 
or  under  the  extreme  conditions  of  very 
low  supersaturation,  single-crystal  sub* 


Fic.  3.  Ell  Ill'll  miuii'.liuclun*  ot  '.implv  I  (""'O  L.  20 
min).  In  llw  uiimiv  i>i  .AIjOi  inti'il.uv.  iw  c.ia 
observe  iMii'iiiili  sai.dl  gi.iin-.  tli.il  Inimed  K-iiiro  vi- 
cessive  ginn  th  auiiiivd 

strate,  and  ultraliigh  vacuum  dopii>ition: 
(2)  Stranski'  Kailchvv  mode,  in  which  case 
the  film  grows  just  as  in  tl\e  layer-by-layer 
node  and  tlien  converts  itself  into  Ihree- 


Fic.  4.  A  top  I  iew  of  the  midtif.iceled  cryst.ils  of  SnO: 
on  alumin.i  'nb>tr.ile  before  bonding  to  gl.iss.  S.imple 
I:750''C,  2t'  iwn.  The  l.irge  ct>>t.il.'.  h.ive  re>ulted  in 
a  very  rough  -url.ice. 


\:^lwriKtcrizatm:of  Tin  Dioxide  Coming' 


23 


Fir..  5.  litcliod  microstructuro  of  simple  2  (SOO'C.  5 
min).  The  co.itinj;  thickness  is  nhoiit  )  nm.  SnO; 
^Mins  .ire  very  cohimn.ir  .iml  there  are  no  pores  .it 
^he  SnO'/Abd.i  interf.ice. 

ciimension.il  nuclei;  ami  (3)  thieo-dimetv 
sional  growth  of  the  discrete  nuclei.  It  is 
apparent  from  Figs.  2  and  3  that  the  growth 
mode  in  this  study  is  of  the  third  kind. 

A  top  view  of  the  multifaceted  crystals 
•of  sample  I  is  shown  in  Fig.  4.  Note  that 
the  alumina  substrate  is  completely  cov¬ 
ered  with  the  SnOj  coating.  It  is  important 
to  mention  here  that  a  5-min  coating  at 
750’C  did  not  cover  the  alumina  substrate 
completely.  It  is  clear  from  this  figure  that 
•the  surface  roughness  of  sample  1,  shown 
transversely  in  Fig.  2,  is  a  result  of  lateral 
growth  and  large  octahedral  grains  of 
SnOj.  This  microstructure,  consisting  of 
well-developed  octahedral  crystals,  indi¬ 
cates  preferential  crystal  growth  along  the 
^octahedral  faces,  and  leads  to  a  common 
occurrence  of  bicrystals,  twins,  and  stack¬ 
ing  faults  [6]. 

Figure  5  shows  an  etched  microstructure 
of  sample  2  (5  min,  500'C),  Sn02  coating 
on  alumina  substrate.  Note  that  the  alu- 
•  mina  substrate  surface  is  very  jagged. 
There  are  numerous  small  grains  in  the  vi¬ 
cinity  of  the  alumina  substrate  and  no 
pores.  This  is  an  indication  of  high  nucle- 
ation  rate.  It  is  clear  from  Fig.  5  that  the 


submicrometer  size  grains  grew  in  a  very 
columnar  fashion.  Figure  6  shows  another 
etched  microstructure  of  sample  2,  but  at 
a  different  location,  and  slightly  over 
etched  to  delineate  the  grain  boundaries 
more  clearly.  Again,  the  columnar  growth 
and  surface  roughness  are  apparent.  This 
columnar  growth  is  in  sharp  contrast  to  the 
irregular  and  lateral  growth  observed  in 
sample  1;  compare  Fig.  5  with  Fig.  2.  An¬ 
other  point  of  contrast  is  the  surface  rough¬ 
ness  of  the  SnOj  coating.  The  lower  tem¬ 
perature  used  to  obtain  this  sample  yielded 
higher  nucleation  and  lower  growth  rate 
(cf.  Figs.  2,  5,  6). 

The  multifaceted  crystals  of  sample  2  as 
seen  from  the  top  are  shown  in  l-ig.  7.  At 
higher  magnification  (Fig.  7(b)l,  we  can  see 
that  the  crack,  produced  by  indentation, 
runs  in  SnOj  in  an  inkr^miwlnr  manner 
indicating  brittle  fracture  mode  in  SnO^. 
Note  that  the  alumina  substrate  is  com¬ 
pletely  covered  with  the  SnO;  coating. 
Compare  this  with  the  top  view  oi  the  mul¬ 
tifaceted  crystals  of  sample  1,  Fig.  t.  This 
surface  is  much  smoother  than  that  of  sam¬ 
ple  1  (Fig.  7  vs.  Fig.  4).  It  is  again  empha¬ 
sized  that  a  lower  deposition  temperature 
yielded  smaller  and,  thus,  less  faceted 
grains.  This  temperature  effect  on  surface 


Fic.  6.  Same  sample  (500'C,  5  min)  as  in  Fi.;.  5  but 
at  a  different  location.  This  slightly  overetched  .irea 
clearly  shows  the  column.ir  nature  of  the  SnO;  grains. 
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Fid.  7.  A  li>(>  view  Kt  inullifiH'vtctI  cry>t.^ls  sif  SnOj  in 
simple  2  Iviore  );l.1^>>  iHnuliii};.  TIu*  CMck.  proiUircil 
I'V  iiuienliiiion.  mu'*  in  S>iiO*  in  .in  inlerswniiliir  nuin* 
ner.  Tlie  cri  'i.ils  ,ire  mii.iII  .iiuI  eniisetjuently  the  snr* 
f.ice  i>  Ic'v  rini>;h  th.ni  th.it  in  simple  1  isee  Fig,  4). 

roughness  can  he  further  confirmed  by 
cump.iring  the  etched  transverse  section  of 
samples  1  and  2  (Fig.  2  vs.  Figs,  5  and  6). 
This  phenotuenon  has  also  beeti  observed 
by  otirers  12,  3). 

The  fracture  surface  of  sample  2  broken 
in  three-point  bend  test  is  slunvn  in  Fig.  8. 
Note  that  the  C\'D  SnO;  fully  covered  the 
fagged  alumina  substrate.  It  is  also  of  in¬ 
terest  to  observe  that  grains  grew  in  the 
interior  of  the  hole  from  both  sides  until 
they  met  face  to  face.  This  intergranular 
fracture  surface  also  shows  the  columnar 
nature  of  the  SnO;  growth.  As  mentioned 
earlier,  the  role  of  SnO;  coating  in  our 
work  is  to  inhibit  a  strong  chemical  bond 
between  alumina  and  glass  components.  If 


the  bond  between  SnO;  and  alumina  i; 
w’eak,  debonding  may  occur  betweer 
SnO;  and  alumina,  which  enhances  its  rolt 
as  an  interphase  in  this  composite  system. 

This  debonding  between  SnO;  and  alu¬ 
mina,  which  has  been  reported  elsewhere 
in  detail  (8),  is  also  shown  in  Fig.  8  as  in¬ 
dicated  by  an  arrow.  VVe  also  note  that  the 
grains  grew  larger  as  the  CVD  proceeded 
toward  completion.  Thus,  at  the  SnO;/ 
glass  interface,  the  SnO;  grains  would  be 
larger  than  those  at  the  SnO;/alumina  in¬ 
terface.  We  know  that  the  larger  the  grains, 
the  weaker  is  the  material  |16|.  Conse¬ 
quently,  although  there  is  some  chemical 
bonding  |7)  between  SnO;  and  glass,  the 
large  .SnO;  grains  in  the  vicinity  of  SnO;/ 
glass  interface  may  provide  a  we.'ik  layer, 
which  may  help  further  debonding  and 
fiber  pullout  in  a  fibrous  composite  system. 

An  etched  inicrost,ructure  of  s.imple  3 
(150  min.  SOO’C),  coating  of  SnO;  on  glass 
substrate,  is  shown  in  Fig.  9.  Note  the 
rather  extensive  and  elongated  growth  of 
the  columnar  grains  of  the  SnO;  coating.  [ 


Fig.  8.  Fracture  surface  of  sample  2  (500’C,  5  min) 
broken  in  a  three-point  bend  test.  Columnar  nature 
of  the  SnOj  grains  is  apparent  on  this  SnO*  fracture 
surface.  Note  that  although  the  alumina  substrate  was 
very  jagged,  the  SnOj  coaling  covered  it  completely. 
Arrow  indicates  the  site  of  debonding  between  alu¬ 
mina  and  SnO;. 
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ru;.  9.  ttchcil  miCfosliiicliircot  sAnipli*3(50(»’C,  150 
iiii(>).  I  he  ctMliO);  tliickne.--  ic  Ivtvveen  -10-45  jiin.  The 
c«iliin)nAr  SnO>  ijMios  .ue  evten'ively  eh>n};i)led. 


T’ht*  coating  thickness  is  40-'45  |im.  Figure 
lU(a)  shows  a  liifl'orent  area  of  sample  3 
wliile  Fig.  10(b),  a  magnified  picture  of  the 
box  shown  in  Fig.  10(a),  Illustrates  the 
small  but  columnar  starting  grains  onto 


I'.c.  10.  Same  sample  I'JO'C,  150  min)  as  in  Fig.  9  but 
.'U  a  different  locatiun:  .a)  SE.M;  (b)  .Magnified  vf  bo\ 
in  (a).  Note  the  very  small  grains  near  the  sul«strate 
and  tlieir  columnar  growth. 
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which  large  and  extensively  columnar 
grains  grew.  At  this  point,  it  is  important 
to  mention  why  two  different  lengths  of 
time  were  used  to  obtain  the  two  samples 
2  and  3.  Murty  et  ai.  (2]  have  reported  that 
the  relation  between  coating  thickness  and 
coating  time  is  linear.  Sample  3  is  a  much 
thicker  coating  than  sample  2.  Therefore, 
this  is  as  a  direct  result  of  much  longer 
length  of  coating.  Although  the  driving 
force  for  nucleation  is  the  same  for  both 
samples  2  and  3,  the  longer  length  of  time 
in  sample  3  caused  the  larger  grain  growth. 
This  growth  in  a  direction  perpendicular 
to  the  substrate  takes  place  in  a  columnar 
fashion  and  is  anisotropic  with  a  grain  size 
perpendicular  to  the  substrate  determined 
by  the  film  thickness  and  by  recrystalliza* 
tion/coalescence  processes  (13). 


CONCLUSIONS 

Based  upon  the  results  and  discussions 
given  atove,  we  can  make  the  following 
conclusions: 

1.  Hydrogen  iodide  (HI)  at  57%  concen¬ 
tration  was  effective  in  delineating  the 
microstructure  of  the  SnOa  coating. 

2.  Higher  CVD  temperature  and/or  longer 
eVD  time  resulted  in  higher  growth  of 
the  SnOj  grains. 

3.  Low-temperature  CVD  resulted  uni¬ 
form  columnar  growth,  while  the  high- 
temperature  CVD  showed  an  irregular 
lateral  growth  of  the  SnO^  grains. 

4.  At  a  given  temperature,  longer  CVD 
time  resulted  in  much  more  extended 
columnar  growth. 

5.  Uniformity  in  thickness  and  low  surface 
roughness  obtained  at  500”C  and  5  min 
would  appear  to  offer  an  ideal  inter¬ 
phase  for  the  aiumina/glass  composite 
system. 

This  loork  ms  suftported  b\f  Office  of  Naval  Re¬ 
search  under  conlrast  #N00014-S9-/-1459. 
Dr.  S.  G.  Fishman  ms  the  Project  Technical 
Monitor. 
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Appendix  D  :  Effect  of  Interfacial  Roughness  and  Thermal  Stresses 
in  Alumina/Glass  and  Alumina/Tin  Dioxide/Glass 
Composites. 


EFFECT  OF  INTERFACIAL  ROUGHNESS  AND  THERMAL  STRESSES  IN 
ALUMINA/GLASS  AND  ALUMINA/TIN  DIOXIDE/GUSS  COMPOSITES 

K.K.  Chawla’,  M.K.  Ferber*,  and  R.  Venkatesh’ 

ABSTRACT 

Effects  of  fiber/matrix  processing  induced  thermal  stresses  and  interface 
roughness  in  PRD-166  (alumina-zirconia)  fiber/glass  matrix  and  PRD-166  (alumina- 
zirconia)  fiber/tin  dioxide/glass  matrix  composites  were  evaluated.  Thermal  stress 
analysis  showed  radial  tensile  stress  components  at  the  fiber/coating  and  coating/matrix 
interfaces.  A  study  of  indentation  cracks  showed  that  the  interfacial  radial  tensile  stress 
combined  with  the  weak  mechanical  bonding  between  alumina  and  tin  dioxide  provided 
conditions  propitious  for  crack  deflection,  a  desirable  feature  from  a  toughness  point  of 
view.  However,  in  a  nanoindenter  pushout  test,  the  tin  dioxide  coated  PRD-166  fiber  in 
the  glass  matrix  did  not  slide  up  to  a  load  of  110  mN.  This  was  attributed  to  the  fiber 
surface  roughness  induced  compressive  radial  stress  which  was  an  order  of  magnitude 
larger  than  the  thermal  tensile  radial  stress. 

'  Department  of  Materials  &  Met.  Eng.,  New  Mexico  Tech,  Socorro,  NM  87801 
*  High  Temperature  Materials  Lab.,  Oak  Ridge  National  Lab.,  Oak  Ridge,  TN  37830 


distribution  in  a  two-element  and  in  a  three-element  cylindrical  composite  and  then  show 
the  beneficial  effect  of  the  tin  dioxide  coating  in  the  aiumina/glass  system. 

EXPERIMENTAL  PROCEDURE  AND  MATERIALS 

The  tin  dioxide  coating  was  produced  by  chemical  vapor  deposition,  by  reacting 
SnCi4  with  water  vapor  at  500*  C  for  5  min.  The  details  of  the  coating  process  as  well  as 
the  coating  microstructure  are  given  In  ref.  5.  The  composites  with  coated  and  uncoated 
alumina  fibers  in  a  glass  matrix  were  fabricated  by  a  slurry  impregnation  method  (6). 
Fiber  tows  were  infiltrated  with  the  glass  frit  by  passing  them  through  a  glass  slurry 
containing  an  organic  binder  and  laid  out  on  mylar  sheets  to  make  prepreg  tapes.  The 
unidirectional  prepreg  tapes  were  cut,  stacked,  and  subjected  to  binder  burnout  at  500*  C, 
followed  by  hot  pressing  in  a  graphite  lined  die  in  an  argon  atmosphere  at  925*  C  and  3 
MPa  pressure. 

The  chemical  compositions  of  the  glass  matrix  and  the  the  PRD-166  fiber  are  given 
in  Table  1.  The  mean  diameter  of  PRD-166  fiber  was  19  pm  while  the  thickness  of  the 
tin  dioxide  coating  was  1  pm.  The  fiber  volume  fraction  was  about  20%.  The  relevant 
thermomechanical  parameters  for  thermal  stress  evaluation  in  these  unidriectional 
composites  are  given  in  Table  2  (7-9). 

Cracks  were  produced  by  means  of  a  Vickers  indenter  (load  »  12  N)  and  their 
interaction  with  the  fiber  was  observed  by  means  of  optical  and  scanning  electron 
microscopes. 


shows  the  basic  fiber/matrix  unit  consisting  of  a  central  fiber  (radius,  a)  surrounded  by 
its  sleeve  of  matrix  (radius,  b).  The  matrix  radius,  b,  wi'l  depend  on  the  volume  fraction 
of  the  matrix.  Figure  3b  shows  the  three-element  unit  consisting  of  the  central  fiber 
surrounded  by  two  concentric  sleeves  of  the  coating  and  the  matrix  material.  Such  a 
simple  axi-symmetric  model  can  be  used  to  estimate  the  three  dimensional  state  of 
thermal  stress  up  to  a  moderate  fiber  volume  fraction.  The  limit  of  fiber  volume  fraction 
depends  on  when  the  stresses  from  one  unit  composite  shown  in  Fig.  3  start  to  overlap 
with  the  stresses  emanating  from  other  such  units.  Hsueh  (11)  has  used  a  three  cylinder 
model  for  very  low  (<  5%)  fiber  volume  fractions.  If  we  assume  that  the  stress  fields  of 
various  units  do  not  overlap  as  long  as  the  interfiber  spacing  is  more  than  one  fiber 
diameter,  then  the  following  thermal  analysis  will  be  valid  for  fiber  volume  percent  between 
20  and  25  (12). 

The  axial  symmetry  means  that  we  can  treat  the  problem  In  terms  of  the  principal 
stresses  that  are  Independent  of  6.  We  shall  derive  expressions  for  a  three-element 
cylindrical  composite.  The  two-element,  uncoated  fiber  composite  will  then  be  a  special 
case,  wherein  the  coating  is  the  same  material  as  the  matrix.  For  the  axi-symmetric  case 
under  consideration,  the  radial  and  circumferential  stresses  will  have  expressions  of  the 
following  form  (13-15): 


not  support  a  normal  stress.  Using  this  boundary  condition,  we  can  write 
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Additional  relationships  between  A,  and  B,  parameters  can  be  obtained  by  applying  the 
interfacial  boundary  conditions. 

At  r  »  a,  the  stress  continuity  at  the  interface  requires  that 
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and  for  the  axial  strain,  we  obtain 
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We  now  have  the  following  unknowns: 
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We  also  note  that  a  force  balance  in  the  axial  direction  gives 
o«(b*-a*)  +  o^a*  +  o„«(c’-b’)  »  0 

After  combining  the  equations  obtained  from  the  application  of  the  boundary 
conditions,  we  can  write 


»  A^iq  +  +  o„K,  + 
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Equations  1  -  4  can  be  solved  for  A,,  o^,  and  o„.  The  distribution  of  the 

radial,  tangential,  and  axial  stresses  in  alumina  (PRD-166)  fiber/glass  matrix  and  alumina 


11 


« 


166/SnO,/glass  is  explained  by  the  overwhelming  contribution  of  the  roughness 
compared  to  the  tensiie  radial  thermal  stress  at  the  interface.  However,  the  interfaciai 
roughness  effect  wiil  not  be  very  significant  when  we  study  the  interaction  of  cracks 
produced  by  indentation. 


# 


13 


the  circumference.  Such  a  crack  deflection  will  make  an  additional  contribution  to  the 
work  of  fracture  and,  hence,  to  the  fracture  toughness  of  the  composite. 
CONCLUSIONS 

An  analysis  of  the  processing  induced  thermal  stresses  in  uncoated  PRD-166 
(alumina-zirconia)  fiber/giass  matrix  composite  and  PRD-166  (alumina-zirconia)  fiber 
coated  with  tin  dioxide/giass  matrix  composite  showed  radial  tensile  stress  components 
at  the  fiber/coating  and  coating/matrix  interfaces.  In  the  strongly  bonded  alumina/glass 
composite,  crack  traveled  unimpeded  from  glass  to  the  fiber.  In  composites  with  a  tin 
dioxide  barrier  coating,  the  crack  was  deflected  and  went  along  the  coating/fiber 
circumferential  interface.  It  would  appear  that  the  combination  of  interfacial  radial  tensile 
stress  and  a  weak  mechanical  bonding  between  alumina  and  tin  dioxide  provided 
conditions  propitious  for  crack  deflection,  a  very  desirable  feature  from  a  toughness  point 
of  view.  Further  improvements  in  fiber  pullout  should  also  be  realized  by  reducing  the 
surface  roughness  of  the  fibers. 
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FIGURE  CAPTIONS 


Fig.  1.  A  longitudinal  section  of  the  composite  showing  the  rough  nature  of  the  two 
interfaces,  fiber/SnO,  and  SnO, /glass.  SEM. 

Fig.  2.  A  schematic  of  the  interface  roughness  (periodic)  with  an  amplitude  A.  f  and  m 
denote  the  fiber  and  the  matrix,  respectively. 

Fig.  3.  (a)  A  two-element  and  (b)  a  three-element  composite. 

Fig.  4.  Distribution  of  thermal  stresses  in  alumina  (PRD-166)  fiber/glass  matrix  and 
alumina  (PRD-166)  fiber/SnOj/glass  matrix  composites,  for  a  AT  *  -  450*  C.  (a)  Radial 
stresses  (b)  Tangential  stresses  (c)  Axial  stresses. 

Fig.  5  (a)  An  optical  micrograph  of  an  indentation  crack  propagating  unimpeded  through 
the  PRD-166  fiber/glass  interface. 

(b)  a  schematic  depiction  of  Fig.  6a. 

Fig.  6  (a)  Crack  interaction  with  the  interface  in  the  case  of  a  tin  dioxide  coated  fiber,  an . 
optical  micrograph,  and  (b)  a  schematic  of  Rg.  6a.  The  arrows  indicate  the  stress  acting 
at  the  tip  of  the  crack  and  at  the  interface.  A  crack  proceeding  from  the  glass  matrix 
toward  the  PRD-166  fiber  is  deflected  slightly  by  the  presence  of  a  tensile  radial  stress  at 
a  nearby  fiber.  This  is  followed  by  a  more  drastic  deflection  at  the  fiber/tin  dioxide 
interface  into  a  circumferential  direction. 
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Table  1,  Nominal  composition  ( wt.  %  ) 


NSIAGIass* 

SIOz 

72 

B2O3 

12 

AI2O3 

7 

CaO 

1 

NazO 

6 

K2O 

2 

BaO 

<  0.1 

PRD-1 66  fiber  ** 

AI2O3 

80-85 

ZrOz 

15-20 

*  Owens-Illinois  Co. 

**  Du  Pont  Co. 


Appendix  E :  Effect  of  Fiber  Coating  on  the  Mechanical  Properties 
of  a  Nextel  480  Fiber  Reinforced  Glass  Matrix 
Composite. 
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Abslrtict 

The  effect  of  fiber  coatings  on  the  mechanical  properties  of  glass  matrix  composites  reinforced  with  Nexicl  4S0  fiber  was 
investigated.  Two  different  fiber  coatings,  namely  tin  dioxide  and  boron  nitride,  were  investigated.  The  presence  of  the 
coatings  on  the  fiber  led  to  an  improvement  in  mechanical  behavior.  In  pariiciitar,  the  boron  nitride  coating  improved  the 
total  work  of  Irticture  of  die  composite  without  reducing  the  strength.  A  marked  difference  was  observed  in  the  fracto* 
graphic  features  between  the  uncoated  and  titfdio.\ide'Contcd  samples  as’ com'.'ired  to  the  boron*nittidc’coatcd  samples. 
The  uncoated  and  tin’dio.\idc*coated  fiber  composites  failed  in  a  brittle  fashion,  without  any  fiber  pull-out,  whereas  the 
boron-nitride-coaied  fiber  samples  exhibited  extensive  fiber  pull-out.  This  improvement  in  the  toughness  or  energy 
absorbed  during  the  fracture  process  was  attributed  to  the  relatively  weak  bonding  between  the  fiber  and  matrix,  induced 
as  a  result  of  the  coating. 


1.  Introduclioit 

Ceramics  have  a  number  of  advaittage.s  over  metals 
and  polymers  as  structural  materials.  They  possess 
high  strength  and  modulus,  and  are  generally  lighter  as 
compared  to  metallic  materials.  They  also  retain  their 
strength  to  relatively  higher  temperatures,  and  are  less 
susceptible  to  oxidatioit  and  corrosion  at  these  temper¬ 
atures.  Their  major  drawbacks,  however,  are  their  lack 
of  ductility  and  tendency  to  fail  catastrophically.  Fiber 
reinforcement,  and  in  particular  ceramic  fiber  re¬ 
inforcement  of  ceramics,  offers  a  potential  for  signifi¬ 
cant  improv>;ments  in  strength  and  toughness.  A 
number  of  studies  have  been  conducted  on  incorpor¬ 
ating  carbon  and  silicon  carbide  reinforcements  into 
ceramic  matrices  (1-8].  These  studies  indicate  that 
piocesses  such  as  crack  deflection,  fiber-matrix 
r'.;bonding  and  fiber  pull-out  are  necessary,  in  order  to 
achieve  toughening  in  ceramic  matrix  composites. 
These  processes  are  primarily  controlled  by  the  nature 
of  the  interface  between  the  matrix  and  reinforcement. 

It  is  known  that  a  rdatively  strong  interface  is  bene¬ 
ficial  for  load  transfer  from  the  matrix  to  the  fiber,  but 
leads  to  catastrophic  failure  in  the  case  of  ceramic 
matrix  composites  (9|-_On  the  other  hand,  a  relatively 
weaEll&er-matnx Interface  hats  beeiffshown  to  lead  to 
a  more  “graceful’’  non-catastrophic  failure  mode,  by 


promoting  processes  such  as  fiber-matrix  debonding 
and  pull-out.  Hence,  the  interface-morc-or  less  controls 
the  mechanical  properties  of  the  composite  system. 

Different  methods  have  been  employed  for  reducing 
the  interfacial  strength  in  cerantic  matrix  composites. 
Of  all  these  methods,  the  use  of  fiber  coatings  is  the 
most  popular  and  effective  (10-15).  In  addition  to 
controlling  the  fiber-matrix  interface,  the  fiber  coating 
can  also  protect  the  fibers  from  mechanical,  chemical 
and  oxidative  damage. 

The  present  study  is  the  first  successful  attempt  of 
incorporation  of  oxide  fibers  (Nextel  480)  in  an  oxide 
(glass)  matrix.  Nextel  480  is  essentially  a  mullite  fiber, 
and  has  been  shovvn  to  exhibit  relatively  good  strength 
and  stability  to  temperatures  as  high  as  1000  *C  (16). 
However,  the  main  aim  of  this  study  was  to  investigate 
the  effect  of  fiber  coatings  on  the  mechanical  prop¬ 
erties  and  fracture  behavior  of  the  composite.  Two 
different  fiber  coatings,  tin  dioxide  and  boron  nitride, 
were  employed.  Tin  dioxide  was  chosen  merely  to 
verify  experimentally  its  inefiectiveness  as  a  coating 
material  in  the  present  case  where  silica  is  a  major 
component  in  the  fiber  and  the  matrix.  Although  tin 
dioxide  seems  to  work  as  a  diffusion  barrier  between 
alumina  and  glass  because  of  its  low  solubility  in 
alumina  (10),  the  same  cannot  be  expected  in  this 
system  because  it  is  soluble  to  some  extent  in  silica. 
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Boron  nitride  finds  widespread  use  in  a  number  of 
elevated  temperanire  applications,  and  has  also  been 
investigated  as  a  fiber  coating  [1 _ 


2,  Experimental  procedure 
2.1,  Materials  used 

Borosilicate  glass,  N51A,  was  used  as  the  matrix 
material  and  was  obtained  from  Owens  Illinois  as  a 
powder.  The  chemical  composition  and  mechanical 
and  physical  properties  of  the  glass  matrix  used  are 
given  in  Table  1.  The  Nextel  480  fibers  (coated  and 
uncoated)  were  obtained  from  3M  Corporation.  Ne,xtel 
480  fiber  is  essentially  a  mullite  fiber  having  an  oval 


TAUI.E  1.  Properties  ,ind  composition  o(  the  N5 1 A  glass 
mtitri.x 


Property 

Value 

Young's  modulus  £*(CPa) 

72 

Vickers  hardness"  (GPa) 

5.5 

Fracture  toughness  A.',,  "(MP.t  m''-) 

Density/)"  (gem'-’) 

0.7-0.8 

2.3 

Coefficient  of  ilternial  e.xpansion"  *  ('C ' ' ) 

5.3X10"' 

Softening  point*  (’C) 

785 

Chemical  composition*  (wt.%) 

SiO. 

72 

B.O; 

12 

AIjO, 

7 

Na,0 

6 

.K.O  , 

2 

CaO 

1 

BitO 

<0.1 

’Owens  Illinois. 
'’E.xperimentally  determined. 
‘20-550 ’C. 


TABLE  2.  Properties  of  the  Ne.xtel  480  fiber* 


Property  Value 


Fiber  axes  (elliptical) 

Major(^m)  10-13 

Minor(;im)  7-9 

Young's  modulus  (GPa)  221 

Tensile  strength  (hfPa)  2043 

Coefficient  of  thermal  e.xpansion  (*C‘ ') 

25-500 ’C  4.38X10"* 

500-1000 ‘C  4.99  X10‘* 

Use  temperature  {‘C)  1371 

Thickness  of  the  BN  and  Coatings  [fitn]  0.2 
Chemical  composition  (wt.%) 

ALO,  70 

SiOj  28 

B,0,  2 


’Data  of  3M  Corporation. 


cross-section.  The  fiber  coatings  were  applied  by 
chemical  vapor  deposition.  Both  the  tin  dioxide  (crys¬ 
talline)  and  boron  nitride  (amorphous)  coatings  had 
thicknesses  of  about  0.2  ;rm.  Other  details  of  the 
coating  process  are  proprietary  and  were  not  provided 
by  the  manufacturer.  The  properties  of  the  fiber  as 
supplied  by  the  manufacturer  are  given  in  Table  2. 

2.2  Specimen  fabrication 

The  composites  were  fabricated  by  a  slurry  impreg¬ 
nation  technique  (Fig.  1)  (17,  18).  The  continuous 
Ne.xtel  fiber  tows  were  infiltrated  with  the  glass  powder 
by  running  them  through  a  glass  slurry.  The  infiltrated 
fibers  were  then  cut  into  6  cm  lengths,  and  laid  out  on 
mylar  tapes.  The  prepreg  tapes  containing  unidircc- 
tionally  aligned  fibers  were  then  heated  to  500  "C  for 
binder  burn-out.  The  tapes  were  cut,  stacked  and  hot 
pressed  in  a  graphite-lined  die  in  an  argon  atmosphere 
at  925  "C  and  3  MPa  pressure.  A  plot  of  ilic  hot  pres.c- 
ing  schedule  useo  in  shown  in  Fig.  2.  The  volume  frac¬ 
tion  of  the  fibers  as  determined  by  using  an  intage 
analyser  was  28%  ±  4%  in  all  of  the  specimens, 

2.3.  Mechanical  testing 

Rectangular  bars  (4x0.6x0.32  cm*)  for  strength 
and  toughness  measurements  were  cut  from  the  uni¬ 
directional  composites.  The  surfaces  of  the  specimens 
were  polished,  with  0.5  /im  alumina  powder,  to  mini¬ 
mize  surface  flaw  effects.  Strength  measurements  were 
conducted  in  three-point  bending  in  an  Instron 
machine  using  a  cross-head  speed  of  0.005  cm  nun“ ', 
according  to  ASTM  standard  C-2p3/S5.  A  minunum 
span-to-depth  ratio  of  8  was  maintained  in  all  tests. 

Static  fracture  toughness  and  fracnire  energy 
measurements  were  made  using  single-edge-notched 
beam  specimens  in  three-point  bending  according  to 
ref.  19.  The  notches  in  the  samples  were  cut  using  a 
high  speed  diamond  saw.  A  span-to-depth  ratio  of  10 
■  was  used  for  all  the  santples.  The  test  was  performed  at 
a  cross-head  speed  of  ,0.005  cm  min"‘.  The  critical 
stress  intensity  factor  was  calculated  by  using  the  rela¬ 
tionship 

Ki»Yaa'l^  (1) 

where  is  the  stress  intensity  factor  in  mode  I,  a  is  the 
maximum  far-Qeld  stress,  a  is  the  crack  length  (depth  of 
the  introduced  notch),  and  F  is  a  geometrical  factor 
given  by  ref.  19  as 

y-  1.96-2.75(n//j)+  13.66(a/h)*  '  “j’ 

-23.98(fl//j)*  +  25.22(a/h)«  I 

The  critical  stress  intensity  factor  Ki^  is  obtained  by ' 
using  eqn.  (1)  corresponding  to  the  maximum  load. ' 
This  has  been  called  the  “static  fracture  toughness"  , 
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Stack  of  glass 
impregnated 
fiber  tapes 


Fig.  1.  Schen\aiic  of  the  fabrication  process  of  the  glass  matti\  composites  reinforced  with  coated  and  uncoalcd  Nc.Mel  480  fiber. 


flmt  («kU) 

Fig.  2.  Hot-pressing  schedule  for  the  fabrication  of  the  glass 
matti.x  composites  reinforced  with  coated  and  uncoated  Ne.Ntel 
fiber. - ,  temperature;  -  -  pressure. 

or  tKe  initiation  fracture  toughness  (20].  The  use  of  this 
“static  toughness  formula”  was  justified  because  no 
multiple  matrix  cracking  was  observed  iti  any  of  the 
composite  samples  (see  Section  3  below). 


The  fracture  surfaces  of  the  samples  were  coated 
with  an  Au-Pd  alloy,  in  order  to  avoid  charging,  and 
e.xamined  in  a  scanning  electron  microscope  (Hitachi 
..  S-800  field  emission)  in  the  secondary-electron  mode. 

3.  Results  and  discussion 
2  3,1.  Mt’crosimcntre 

Optical  and  scanning  micrographs  of  a  polished 
cro.sS'Section  of  an  as-fabricated  composite  sample  are 
shown  in  Fig.  3.  The  low  magnification  optical  micro¬ 
graph  (Fig.  3(a))  of  an  uncoated  fiber  composite  is 
representative  of  the  fiber  distribution  observed  in  all 
of  the  specimens.  Note  the  excellent  consolidation  as 
well  as  a  fairly  uniform  distribution  of  fibers.  The  ma.xi- 
mum  porosity,  detected  by  an  image  analyser,  in  all  of 
the  samples  was  6%.  The  scanning  micrograph  in  Fig. 
3(b)  shows  the  cross-section  of  a  boron-nitride-coated 
fiber-glass  matrix  composite.  The  thin  boron  nitride 
layer  does  not  give  any  contrast  in  the  scanning 
electron  microscope.  The  delineation  observed  around 
the  fibers  was  obtained  by  chemical  etching  in  3%  HF, 
which  allowed  the  fibers  to  be  observed  clearly.  An 
electron  microprobe  analysis  was  ineffective  because 
the  fiber,  the  coating  and  the  matrix  all  contain  boron. 
The  presence  and  effect  of  the  boron  nitride  coating 
will  be  evaluated  indirectly  in  the  next  section. 
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Fii|.  5.  (.i)  Opiiv’.il  micioir;i|)l)  of  .>n  isucoaicd  fiber  coinposiic 
illuiiiriiiiii^  ihc  iii\i;oini  ifiNiiihiiiioii  ol  fillers  and  low  porosity  in 
the  in:iiri.\.  ibi  Soanniiie  electron  micrograph  of  a  boiun-nitride' 
coated  sample  also  lilusiratm^  tlio  fiber  distriboiion.  •• 


TABLE rie.Mifal  si'enyih 


.■Vciaw 

LXU'a’) 

Coefficient 
of  vuiiatiun 
(%) 

NSlAshis-iiiKiiax 

64 

14.5 

Ne.xiel  4,S()-^!ass 

65.7 

1.S.9 

SnO.-coatccl  .\'o.\tcl  4{>0-s:l:iss 

S6.43 

16.44 

BN-coatoU  .\'e.\icl  4S0-glass 

76.3 

5.1 

3.2.  Mechanical  properties 

The  bend  strengths  of  the  unreinforced  matrix  and 
coated  and  uncoated  fiber  composite  samples  are  given 
in  Table  3.  The  results  are  an  average  of  four  tests.  It  is 
clear  that  the  addition  of  the  coatetTfibers  did  not  lead 
to  any  loss  of  strength  of  fhe  matrix;  if  anything  there 
was  an  increase  in  the  strength.  The  tin-dioxidc-coated 
fiber  composite.s  exhibited  the  largest  strength  increase 
(30%)  while  the  boron-nitride-coated  fiber  composites 
showed  a  smaller  increment  ( 1 5%)  as  compared  to  the 
uncoated  fiber  composites. 


TABLE  4,  Static  fracture  toughnes-s 


Sample 

Average 
static  ]<ie 
(MPam''=) 

Coefficient 
of  variation 
(%) 

Ne.xicl  4S0-glass 

l.tl 

8.38 

SnOj-coated  Ne.xtel  480-s;lass 

0.937 

2.84 

BN-coated  Nc.xiel  480-Blass 

2.12 

10.68 

The  results  of  the  static  fracture  toughness  tests 
(average  of  five  each)  are  given  in  Table  4.  Incorpora¬ 
tion  of  the  Nextel  fibers  (both  coated  and  uncoated) 
into  the  glass  matrix  resulted  in  an  increase  in  the  static 
toughness  of  the  composite.  The  maximum  increase 
was  observed  for  the  boron-nitride-coated  fiber  com¬ 
posites.  The  tin-dio.xide-coated  samples  showed  the 
smallest  increment,  and  the  value  for  the  toughness  was 
in  fact  lower  than  that  for  the  uncoated  fiber  samples. 

A  schematic  of  the  stress-displacement  curves  and 
the  failure  modes  for  the  composites  is  shown  in  Fig.  4. 
It  is  important  to  note  that  the  slope  of  the  load-dis¬ 
placement  curves  for  all  tlie  composites  up  to  the 
maximum  load  was  constant  and  matrix  cracking  did 
not  occur  till  that  point.  This  behavior  is  significantly 
different  from  that  of  other  ceramic  fiber-ceramic 
matrix  composites  (21-23),  which  exhibit  either  multi¬ 
ple  matrix  cracking,  or  single  matrix  cracking  before 
the  maximum  load  is  reached,  or  both.  While  the 
uncoated  and  tin-dio.xide-coated  fiber  composites 
exhibited  typically  brittle  characteristics  (types  I  and  2 
in  Fig.  4),  the  boron-nitride-coated  fiber  composite 
exhibited  fiber  debonding  and  pull-out  after  the  maxi¬ 
mum  load  point  (type  3  in  Fig.  4).  For  the  boron- 
nitride-coated  fiber  composites  (curve  3),  at  point  A  on 
the  stress-displacement  curve,  the  matrix  had  cracked 
completely  on  both  the  tensile  and  compressive  sides 
of  the  samples.  The  load  beyond  point  A,  however, . 
dropped  in  a  non-catastropWc  manner.  It  is  worth 
emphasizing  that  the  energy  absorbed  beyond  point  A 
is  not  accounted  for  in  the  static  toughness  formula. 

The  formula  for  the  static  fracture  toughness  (eqn. 
(!})  is  based  on  a  linear  elastic  fracture  mechanism,  i.e. 
we  assume  that  the  load-displacement  behavior  of  the 
composite  is  linear  and  that  self-similar  crack  propa¬ 
gation  occurs.  The  use  of  this  expression  is  valid  and 
useful  in  the  present  case  up  to  the  point  the  matrix 
cracked,  because  the  load-displacement  behavior  of 
the  composite  was  linear,  and  a  single  crack  propa¬ 
gation  up  to  that  point.  In  order  to  account  for  the. 
energy  absorbed  by  the  processes  occurring  beyond  ^ 
point  A  (maximum  load),  the  fracture  energy  of  the 
samples  was  calculated  by  measuring  the  area  under] 
the  load-displacement  curve  (24,  25).  Such  a  measure  | 
of  fracture  energy  spent  in  the  fracture  process  is  ] 
straightforward  and  pragmatic.  Determining  the  area ' 
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oisri.AceM8NT 


TABLES.  Fracture  energies 


Sample 


NS  lA  glass  matrix 
Ncxtcl  480-glass 
SnO.-coated  Nextel  480-glass 
BN  coated  Nextel  4S0-glass 
(SOTo  ma.x.  load) 


Average  fracture  energy 
per  unit  area  of  crack 
surfaced  m*’) 


6-8(211 

28.9 

n.6S 

152.7 


OtSaCACeMENT 


OISMACEMENT 


measured  fracture  energies  for  different  samples  are 
given  in  Table  5.  The  value  for  the  N51A  glass  matrix 
is  taken  from  ref,  26. 

The  different  fracture  mechanisms  which  can  occur 
in  ceramic  fiber-ceramic  matrix  composites,  where  the 
stress  and  strain  failure  of  the  matrix  are  lower  than 
those  of  the  fiber,  have  been  discussed  by  a  number  of 
rc.searchers  (27-29).  At  the  point  where  the  failure 
strain  of  the  matrix  is  reached,  the  matrix  cracks  and 
load  is  transferred  to  the  fibers  across  the  intei'face. 
Using  a  simple  load  balance,  we  obtain 

(2) 

where  is  the  fracture  stress  of  the  matrix,  is  the 
area  of  the  matrix,  r  is  the  interfacial  bond  strength,  r  is 
the  radius  of  the  fiber,  /*  is  the  length  of  the  fiber  over 
wliich  the  load  is  transferred  (and  is  also  equal  to  the 
length  of  the  blocks  into  which  the  matrix  cracks  (30]), 
and  N  is  the  total  number  of  fibers. 

Rearranging  eqn.  (2)  we  get 

I  /<i\ 


Fig.  *4.  Schematic  of  the  load-displacement  curves  for:  (a)  the 
uncoated  Nextel  fiber-glass  niatti.x  composite,  (b)  the  dn- 
dioxidc'coated  Nextel  fi^r-glass  matrix  composite,  and  (c)  the 
boiomnitridc'coated  Nextel  fiber-glass  matrix  composite. 


under  the  curve  was  relatively  easy  for  the  uiicoited 
and  tin-dioxide-coated  samples,  since  they  failed  cata¬ 
strophically  once  the  maximum  load  was  reached. 
However,  in  the  case  of  the  boron-nitride-coated  sam¬ 
ples,  the  load-displacement  curve  was  not  as  geometri¬ 
cally  favorable  as  in  the  case  of  the  aforementioned 
samples. 

The  problem  was  in  trying  to  determine  the  cut-off 
point  on  the  curve,  since  the  load  did  not  drop  to  zero 
even  for  a  very  large  displacement.  We  decided  to  use 
S0%  of  the  maximum  load  as  the  cut-off  point.  This 
choice  was  based  on  the  fact  that  beyond  this  point  the 
load  on  the  composite  had  dropped  to  a  fairly  low 
value  and  seemed  to  remain  fairly  constant  with  pro- 
riicnlacemcnt.  The  results  of  the 


where  K,  is  the  volume  fraction  of  the  fibers  and  is 
the  volume  fraction  of  the  matrix. 

From  eqn.  (3)  it  can  be  seen  that  a'high  value  of  r 
leads  to  a  smaller  and  vice  versa.  In  the  case  of  the 
systems  investigated,  tfie  magnitude  of  the  interfacial 
bond  and  the  flexural  mode  of  testing  suppressed, 
multiple  matrix  cracking  (small  Z^),  and  only  a  single 
matrix  crack  was  observed  in  all  of  the  samples  tested.; 
In  a  flexural  test,  the  maximum  tensile  stress  is  lughly' 
localized  to  a  region  at  the  center  of  the  sample,  which  ; 
is  not  conducive  to  multiple  fracture  in  the  matrix.  In', 
such  a  case  a  single  crack  is  initiated  at  the  center  of  the ! 
sample,  as  can  be  seen  in  Fig.  5.  The  failure  mode  of' 
the  composite  beyond  this  point  is  controlled  by  the' 
fiber-matrix  bond.  If  the  bonding  between  the  fiber '■ 
and  matrix  is  very  strong,  fiber  pull-out  does  not  occur, ; 
and  failure  of  the  matrix  usually  results  in  failure  of  the ; 
fibers  and  the  composite  as  well  (types  1  and  2  in  Fig.' 
5).  If  the  fiber-matrix  bond  is  relatively  weak,  then  the 
fiber  debonds  and  pulls  out  of  the  matrix,  and  the 
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nb«r  reinforced  composite  before  matrix  craeklns 


Type  3 


matrix  cracking  ( pt,  A  in  llg.  4) 


Type  1  &  2 


failure  of  the  composite 


onset  of  nber/malrix  debonding 


_ 

ZMZZZ 

nber  breakage  and  pullout 

Fig.  5.  Schematic  of  the  failure  modes  observed  in  the  different  composites:  type  1,  uncoated  Nextel  fiber-glass  matrix  composite;  type 
2,  tiifdio.xido'coated  Nextel  fiber-glass  matrix  composite;  type  3,  boron'nitride*coatcd  Nextel  fiber-glass  matrix  composite. 


composite  fails  in  a  more  graceful  manner  (type  3  in 
Fig.  5). 

In  the  case  of  a  composite  exhibiting  such  features 
(absence  of  multiple  matrix  cracking),  if  the  load  trans¬ 
ferred  to  the  fibers  is  insufficient  to  induce  debonding, 
the  fracture  energy  of  the  composite  is  simply  the 
volume-weighted  sum  of  the  surface  energies  of  the 
fiber  and  matrix.  Let  us  call  it  case  1,  and  denote  the 
fracture  energy  in  this  case  as  G„  which  is  given  by  (29) 

‘  (4)' 

where  V  represents  the  volume  fraction,  y  the  surface 
energy  and  the  subscripts  f  and  m  represent  the  fiber 
and  matrix  respectively. 

In  the  presence  of  a  coating  (case  2)  eqn.  (4)  can  be 


i 

j 

modified  to  give  the  fracture  energy  Cj  as  ' 

Gj-2ll/,y,+  K,yi+(l-Krl'i)yml  (5) 

where  the  subscript  i  denotes  the  interphace  (coating),  j 
If  the  fiber-matrix  debonding  stress  is  much  lower ! 
than  the  fiber  fauure  stress,  debonding  will  occur 
before  fiber  failure  (and  after  matrix  cracking)  (case  3). . 
As  the  loading  continues,  the  debonding  extends  along 
the  interface,  and  the  fiber  slips  and  dissipates  energy 
by  friction.  If  the  fiber  strength  is  not  distributed  (i.e.  j 
the  Weibull  modulus  is  high),  the  fibers  break  in  the ! 
plane  of  the  main  matrix  crack,  and  the  degree  of  fiber 
slippage  is  minimum.  The  fracture  energy  Gy,  in  this 
case  can  be  written  as  [3 1] 

Gj-Gj+debohding  contribution  (6) 
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If  the  Weibull  modulus  of  the  fibers  is  small,  the 
fibers  will  break  at  different  points  along  their  length, 
and  additional  energy  will  be  reiiuired  for  fiber  pull¬ 
out.  We  can  write  the  fracture  enerav  for  this  case  as 
(32) 

G4  Gj  +  pull-out  contribution  (7) 

In  eqns.  (6)  and  (7)  we  have  omitted  the  detailed 
e.spressioits  for  the  Uebonding  and  pull-out  compo¬ 
nents. 

Scanning  electron  microscopy  of  the  fracture  sur¬ 
faces  of  the  samples  revealed  some  interesting  informa¬ 
tion  and  was  very  useful  in  corrobmatiirg  some  of  the 
conclusions  drawn  from  the  mechanical  tests.  The 
fracture  surface  of  an  uncoated  .Me.vtel  -ISO-glass 
sample  can  be  seen  in  Fig.  6.  The  fracture  features  are 
characteristically  brittle  and  specimen  failure  was 
catastrophic  in  nature.  The  presence  of  the  fibers  in  the 
matrix  did  not  seem  to  affect  the  nature  of  the  crack 
growth  in  the  matrix  and  the  friiciure  surface  was  very 
planar.  The  features  oit  the  tin  dioxide  santples  were 
very  similar  to  those  observed  on  the  fracture  surface 
of  an  uncoatcil  fiber  composite  (Figs.  7(a)  and  7(b)). 
These  composites  also  broke  suddenly  after  reaching 
the  maximunt  load.  A  point  worth  noting  in  this  case 
was  the  nature  of  the  tin  dioxide  coating.  The  coating  in 
this  case  appeared  to  have  an  irregular  surface  texture. 
Neither  of  the  two  samples  (uncoated  and  tin  dioxide 
coated)  exhibited  any  indication  of  fiber  debonding  or 
pull-out. 

Fracture  of  the  boi  on-nitride-coated  Nextel  480 
glass  composites  exhibited  features  different  from 


Fig.  6.  Scanning  electron  micrograph  of  a  fracture  surface  of  an 
uncoated  Ne.xtel  fiber-glass  matrix  composite. 


tho.se  ubNciwiI  in  the  case  of  the  prcsiiHis  composites 
(Figs.  8(ai  and  .S(b)).  Iixiensivo  fiber-matrix  debonding 
and  fiber  pull-out  wore  itbscrved  over  the  entire  frac¬ 
ture  surf.iccs.  The  pull-out,  however,  did  seem  to  occur 
iTegularly  in  that  the  pitll-out  lengths  of  the  fibers  over 
the  entire  crti.ss-section  varied.  The  average  pull-out 
length  w.is  4t)  /<m.  Oit  the  basis  of  tb.ese  observations, 
the  various  fracture  energy  terms  ssere  computed  from 
the  area  under  the  Itutd-displacemeni  cuives  and  arc 
provided  in  T.able  fi.  The  following  conclusions  can  be 
drawn  *>11  the  basis  of  the  present  w»>i  k.  The  uncoated 


Fig.  7.  Scanning  cicciron  inicrogr.nphs  of  a  fr.neiure  surface  of  » 
rin-dioxiJe-coaied  Ne.sicl  fiber-glass  matrix  composite  illus¬ 
trating  'a'  the  nature  of  the  tin  dioxide  co.tting.  anxl  ib)  the 
absence  x*f  fiber  debonding  and  pell-out  ttt  eompo\itc  failure. 
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Fig.  S.  (ai.  lb;  Scanning  cleciron  micrographs  of  a  boron-nitride- 
couted  Nc.\tcl  ^lbcr-gla^$  matrix  fracture  surface  illusiratittg 
debonding  and  pull-out. 

I 

I 

I 

! 

fibers  were  relatively  strongly  bonded  to  the  ^asV 
matri.x  and  hence  e.xhibited  reasonably  high  strength 
but  relativcK  no  improvement  in  the  toughness.  The  ’ 
iin-dio.\ide-co.ued  samples  were  also  strongly  bonded ; 
to  the  matri.x.  .Mthough  jhe  coating  does  not  react: 
chemically  with  alumina,  it  reacted  with  the  silica  in  the ! 
glass  matri.x  and  fiber  (mullite).  In  addition,  the  surface 
irregularities  on  the  coating  aided  in  mechanical 
bonding.  : 

The  boron-nitride-coated  fiber  samples  e.xhibited  a 
lower  htrenetli  ax  compared  to  the  lin-dioxide-coated 


TABLE  6.  Various  components  of  the  total  fracture  energy  of 
different  composites 


Composite  sample 

Fracture  energy  (J  m"’) 

G,  Cj  G, 

G, 

Unconted  Nextel-glass 

28.9  -  0 

0 

SnOj-coated  Nextel-glass 

17.65  0 

.  0 

BN-coated  Nextel-glass 

75.9 

152.7 

samples  but  significantly  higher  toughness  values.  The 
energy  absorbed  in  the  fracture  proce.ss  was  an  order 
of  magnitude  higher  a.$  compared  to  the  uncoated  and 
tin>diuxidc>coated  samples.  A  very  important  point  is 
that  the  improvement  in  the  fracture  energy  absorbed 
was  not  obtained  at  the  expen.se  of  a  reduction  in  frac* 
ture  strength.  These  boron-nitride-coated  Nextel  fiber 
composites  still  maintained  a  reasonable  degree  of 
their  strength  as  can  be  .seen  in  Table  3.  The  increased 
energy  absorption  was  due  to  fiber*relatcd  processes 
such  as  debonding  and  pulhout,  which  were  possible 
because  of  the  relatively  weak  bonding  provided  by  the 
boron  nitride  coating. 


4.  Conclusions 

The  present  work  demonstrates  the  feasibility  of 
using  boronmitride-coated  Nextel  480  fibers  as  a 
reinforcement  for  the  NS  I A  glass  matrix.  The  results 
obtained  indicate  that  the  choice  of  the  coating  is 
Important  as  it  affects  the  overall  mechanical  behavior 
of  these  composites.  As  expected,  the  tin  dio'xide 
coating  did  not  provide  an  improvement  in  the  tough* 
ness  because  of  the  chemical  and  mechanical  bonding 
between  the  coating  and  matrix  as  well  as  between  the 
coating  and  fiber.  The  boron  nitride  coating  on  the 
other  hand  e.xhibited  the  most  desirable  characteristics. 
A  reasonably  high  strength  and  a  fracture  toughness 
significantly  above  that,  of  the  unreinforced  glass  were 
obtained  in  this  system: 


Acknowledgments 

This  work  was  supported  by  the  US.  Office  of  Naval 
Research  (contract  N00014*89*J*14S9).  The  research 
was  also  sponsored  in  part  by  the  US.  Department  of 
Energy,  Assistant  Secretary  for  Conservation  and 
Renewable  Energy,  Office  of  Transportation  Systems, 
as  part  of  the  Hi^  Temperature  Materials  Laboratory 
User  Program,  under  contract  DE*ACOS*840R21400 
with  Martin  Marietta  Energy  Systems.  Thanks  are  due 
to  Mr.  J.  O’Kelly  of  3M  Corporation  for  coating  the ' 
Nextel  480  fibers. 


R.  U.  Vaidya  et  ul.  /  Effect  of  coming  on  f^extel  4S0  fibers  . 


References 

1  D.  B.  Marshall  and  A.  0.  Evans,  J,  Am.  Ceram.  Soc.,  68 
(1985)22S. 

2  A.  0.  Evans  and  R.  M.  McMecking,  Acta  Metall.,  J-/(19S6) 
2433. 

3  K.  M.  Prewo,  /.  Mater.  Sci.,  21  ( 1536)  3590. 

4  B.  Budianski,  J.  W.  Hutchinson  and  A.  G.  Evans,  J.  Mech. 
Phys.  Solids,  34 

5  E.  Y.  Luh  and  A.  G.  Evans,  J.  Am.  Ceram.  Soc.,  79  (1987) 
466. 

6  R.  L.  Lehman  and  C.  A.  Doughan,  Comp.  Sci.  Tech.,  37 
(1990)  149. 

7  D.  C.  Phillips,  N.  Park  and  R.  J.  Lee,  Comp.  Set.  Tech.,  )7 
(1990)249. 

3  A.G.  Evans,  J.  Am.  Ceram.  Soc.,  73(1990)  187. 

9  K.  K.  Chawla,  Composite  Materials:  Science  and  Ennineerins, 
Springer,  New  York.  NY,  1987. 

10  A.  Maheshwari,  K.  K.  Chawla  and  T.  A.  Michalske,  Mater, 
&/.  Eng.  A.  707(1989)269. 

11  F.  0.  Gac,  Rep.  LA  ilS92-T,  Los  Alamos  National  Labora* 
tory,  Los  Alamos,  NM,  1989. 

12  R.  N.  Singh  and  S.  Gaddipati,  J.  Am.  Ceram.  Soc.,  71  ( 1 988) 
CIOO. 

13  D.  P.  Partlow,  Adv.  Ceram.  Mater.,  3(1988)  353. 

14  M.  K.  Brun  and  R.  N.  Singh,  Adv.  Ceram.  Mater.,  3  (1988) 
553. 

15  D.  0.  Johnson,  A.  R.  Holtz  and  M.  F.  Grcthcr,  Ceram.  Eng. 
Sc/.  Fw..  0(1 987)  744. 


16  R. N.Siiigh, Ceram. Eng.Sci, Proc,, 0(1987)636. 

17  K.  K.  Chawla,  Composite  Materials:  Science  and  En^neering, 
Springer,  New  York,  NY,  1987,  p.  134. 

18  K.  M.  Prewo  and  J.  J.  Brennan,  7.  Mater.  Sci.,  75(1980)  463. 

19  G.  K.  Bansal  and  W.  H.  Duckworth,  Am.  Soc.  Test.  Mater., 

Spec.  rec/»._7»«6/..670(1979),38-46.  _ 

20  T.  Mackc,7.’M.  )3uemsset,’b.'Neuilly,l.’’’P.'*RocHer  arid 

R.  Naslain,  Comp.  Sci.  7’ee/t...37(199p)  2^. . . 

21  D.  B.  Marshall,  A.  0.  Evans, L  Am,  CeranuSoc','’68 {l9iS) 
225. 

22  G.  C.  Wei  and  P.  F.  Becher,  Am,  Ceram.  Soc,  Bull.,  64  (1985) 
298. 

23  R.  N.  Singh,  /.  Am.  Ceram.  Soc.,  73(  1990)  2390. 

24  D.C.  Phillips,  7.  Merer.  Sc/.,  7(1972)1175. 

25  R.  A.  J.  Sambell,  A.  Briggs,  D.  C.  Phillips  and  D.  H.  Bowen, 
J., Mater,  Sci.,  7(1972)676. 

26  T.  A.  Michalske  and  J.  R.  Hellmann,  7.  Am.  Ceram.  Soc.,  71 
(1988)725. 

27  H.  Osmani,  D.  Rouby  and  G.  Fantozzi.  Comp.  Sci.  Tech.,  37  • 
(1990)191. 

28  D.  B.  Marshall.  B.  N.  Co.x  and  A.  G.  Evans,  Acw  Metall.,  33 
(1983)2013. 

29  A.  G.  Evans,  7,  Am.  Ceram,  Soc.,  73(1990)  187. 

30  J.  Aveston,  0.  A.  Cooper  and  A.  Kelly,  in  Properties  of  Fiber 
Composites,  IPC  Science  and  Technology  Press,  Sutton, 
1971, p.  IS. 

31  B.  Marshall  and  B.  N.  Co.x,  Aero.  Metall.,  33 ( 1985)  20 1 3. 

32  J.  K.  Wells  ai\d  P.  W.  R.  Beaumont,  7.  Mater.  Sci:,  20(1985) 
1275. 


# 


i 

I 

i 

i 


i 


# 


Appendix  F :  Effect  of  Interfacial  Roughness  on  Fiber  Pullout  in 
Alumina/Tin  Dioxide/Glass  Composites. 


EFFECT  OF  INTERFACIAL  ROUGHNESS  ON  FIBRE  PULLOUT  IN 
ALUMINA/SnOa/GLASS  COMPOSITES 

R.  Venkatesh  and  K.K.  Ch'awla 
Department  of  Materials  and  Metallurgy 
New  Mexico  Institute  of  Mining  and  Technology 
Socorro,  NM  87801 

Alumina  and  glass  form  a  strong  chemical  bond  and  the  resulting  composite  is  brittle 
[1,2].  An  £n02  coating  that  has  no  diffusion  in  alumina  and  very  little  diffusion  in  glass  acts 
as  an  efficient  diffusion  barrier  as  well  as  a  weak  interphase  that  aids  in  crack  deflection  [3,4]. 
Some  researchers  (5,6)  have  shown  the  importance  of  interfacial  roughness  in  fibre/matrix 
debonding  characteristics  during  fibre  push-out  and  pull-  out  tests.  In  another  study  [7],  we 
show  that  roughness  induced  interfaciai  stress  is  an  order  of  magnitude  higher  than  radial 
tensile  thermal  stress  in  PRD-166  (A203-Zr02)  fibre/Sn02  coating/NSl  A  glass  matrix  com¬ 
posite.  This  roughness  induced  interfaciai  stress  prevented  any  sliding  of  the  Sn02  coated 
fibre  in  a  nanoindenter  pushout  test  up  to  a  load  of  110  mN  and  also  affected  the  pull-out 
characteristics  of  the  fibre  in  alumina  (PRD-166)/Sn02/g.lass  composites.  Figure  1  shows  the 
partial  fibre  pull-out  and  separation  of  the  alumina/Sn02  interface  in  a  flexural  test.  Note 
also  the  very  rough  surface  of  the  PRD-166  fibre. 

In  order  to  verify  this  effect  of  roughne^,  we  fabricated  an  N51 A  glass  matrix  com¬ 
posite  reinforced  with  Sn02  coated  Saphikon  monof  ilaments.  Saphikon  is  a  single  crystal 
alumina  fibre  with  a  diameter  of  125  pm  as  compared  to  20  pm  for  alumina  (PRD-166)  fibre, 
but  more  importantly,  the  surface  of  Saphikon  is  smoother  than  that  of  PRD-166  fibre. 

Three-point  bend  test  fi:acture  surface  of  alum'iaa  (PRD-166)  fibre/Sn02/glass  com¬ 
posite  is  shown  in  Fig.l  (a  and  b).  Fracture  surface  of  Saphikon/Sn02/glass  composite  is 
shown  in  Figs.  2  and  3.  Note  the  neat  fiber  pull-out  in  Saphikon/Sn02/glass  composite. 
The  fibre  pullout  lengths  in  Saphikon  fiber/Sn02/glass  composite  are  greater  than  alumina 


(PRD-166)  fibre/Sn02/glass  composites.  Average  pullout  length  in  Saphikon/Sn02/glass 
composite  was  106  jim,  which  is  about  five  times  larger  than  in  alumina  (PRD-166)  fibre/ 
Sn02/glass  composite.  Fig.  4(b  and  c)  shows  energy  dispersive  analysis  of  the  pulled  out  Sa- 
phikon  hbre  surface,  at  regions  marked  a  and  b  in  F'g.  4a,  respectively.  In  region  a,  the  EDS 
analysis  shows  only  A1  and  no  Sn.  This  is  as  expected  since  Sn02  and  AI2O3  have  no  mutual 
solid  solubility  and  hence  fibre  debonding  and  pull-out  takes  place  at  Al203/Sn02  interface. 
Region  b  shows  existence  of  some  Si  and  Sn.  This  could  be  due  to  diffusion  of  some  Sn  into 
glass  and  vice-versa. 

Thus,  we  can  conclude  that  in  addition  to  the  radial  tensile  thermal  stress,  interfacial 
roughness  has  a  pronounced  effect  on  the  extent  of  fibre  pull-out.  This  will,  in  turn,  affect 
toughness  in  ceramic  matrix  composites. 
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List  of  Captions 

Figure  1  Fracture  surface  of  alumina  (PRD-166)  fibre/Sn02/glass  composite  showing  partial 
fibre  pull-out  and  separation  of  the  alumina  (PRD-166)  fibre/Sn02  interface.  Note  also  the 
very  rough  surface  of  the  PRD-166  fibre,  (a)  low  magnification  (b)  high  magnification 
Figure  2  Fracture  surface  of  Saphikon/Sn02/glass  composite.  Note  the  neat  fibre  pull-out. 
Figure  3  Fracture  surface  of  Saphikon/Sn02/glass  composite.  Note  tlio  fibre  debonding  at 
the  Saphikon/Sn02  interface. 

Figure  4(a)  Fracture  surface  of  Saphikon/Sn02/glass  composite,  (b)  Energy  dispersive  anal¬ 
ysis  of  pulled  out  Saphikon  fibre  surface  at  region  marked  a  in  Fig.  4a  showing  only  A1  and 
no  Sn.  (c)  Energy  dispersive  analysis  of  pulled  out  Saphikon  fibre  surface  at  region  marked 
b  in  Fig.  3a  showing  presence  of  both  Si  and  Sn. 
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Appendix  G :  Effect  of  Boron  Nitride  Coating  on  the  Tensile  Strength 
of  Nextel  480  Fibers. 
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The  attractive  thermal  and  mechanical  properties  of  ceramics  have  provided 
the  incentive  to  increase  the  toughness,  i.e.,  the  energy  absorbed  in  the  fracture 
process  or  work  of  fracture.  Methods  of  increasing  toughness  in  ceramics  include 
addition  of  second  phase  particles  and  incorporation  of  whiskers/fibers.  Increase 
in  toughness  of  fiber-reinforced  ceramic  composites  is  achieved  via  matrix 
microcracking,  interfadal  delamination,  and  crack  deflection  at  fiber-matrix 
interface  in  conjunction  with  fiber  debonding  and  subsequent  fiber  pullout  [1]. 
The  interface  between  fiber  and  matrix,  without  an  interfacial  coating,  depends 
largely  on  the  particular  ^tem  and  the  temperatures  during  processing.  By 
incorporating  a  known  interfacial  layer  the  interfacial  properties  are  more 
controllable.  It  is  important  to  analyze  what  the  coating  does  to  the  fiber  in  terms 
of  its  tensile  strength,  surface  characteristics,  etc.  IWo  main  items  in  this  regard 
are  the  coating  surface  roughness  vis  a  vis  uncoated  fiber  surface  roughness  and 
the  residual  thermal  stress  state  at  the  fiber/coating  interface  [2,3].  Boron  nitride 
and  carbon  are  common  coatings  used  in  many  high  performance  fiber 
reinforced  composites  [3].  An  increase  in  the  mean  tensile  strength  of  the  boron 
nitride  coated  fibers  can  be  expected  due  to  the  surface  healing  effect  of  the 
boron  nitride  coating  [4,5].  Dhingra  [5]  reported  a  50%  increase  in  tensile 
strength  of  the  Si02  coated  alumina  FP  fiber  in  comparison  to  the  uncoated  fiber. 
A  similar  increase  was  also  reported  by  Pysher  [4]  et  al.  in  the  case  of  SiOz  coated 
PRD- 166  fiber.  In  both  cases,  the  increase  was  attributed  to  the  healing  of 
surface  flaws.  Figure  1  illustrates  the  idea  of  defect  healing  in  a  schematic 
manner.  Nextel  480  is  essentially  a  mullite  fiber  and,  being  an  oxide  fiber,  is 
thermally  very  stable  in  air  [1].  It  is  potentially  an  ideal  reinforcing  material  for 
glass  and  ceramic  composites.  The  relative  smoothness  of  the  boron  nitride 
coated  Nextel  480  fiber  can  also  be  very  advantageous  in  enhancing  the 
toughness  due  to  the  low  interfacial  frictional  stresses  during  fiber  pullout  [3]. 
The  aim  of  this  work  was  to  study  the  effect  of  boron  nitride  coating  on  the  tensile 
strength  of  Nextel  480  fibers  using  a  two  parameter  WeibuU  distribution. 
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3.1  Microstructural  Characterization  and  Surface  Defect  Healing 

The  surface  roughness  of  the  uncoated  and  the  boron  nitride  coated  fibers 
are  illustrated  in  Figure  It  is  clear  that  the  boron  nitride  coated  fiber  surface 
is  appreciably  smoother  than  the  uncoated  fiber  surface.  The  notch  root  radius, 
Q,  and  the  depth  of  the  notch,  a,  measurements  were  obtained  using  SEM 
micrographs.  The  average  values  of  the  ratio  of  a  to  p  were  calculated  to  be  0.544 
and  0.028  for  the  uncoated  and  boron  nitride  coated  fiber  surfaces,  respectively. 
The  cross-sectional  area  of  the  Nextel  480  fibers  showed  very  little  scatter;  this 
was  also  verified  by  SEM  and  optical  microscope. 

The  maximum  stress  for  a  defect  in  the  form  of  a  elliptical  cavity  occurs  at  the 
two  extremities  of  the  ellipse  and  is  given  by  the  well  known  Inglis  [9]  formula 


+  2fl/h) 


(1) 


where  2a  and  2b  are  the  major  and  minor  axes  of  the  ellipse,  respectively.  For 

#  an  extremely  fiat  ellipse  the  equation  for  the  maximum  stress  becomes 

^2) 

^  where  p,  the  notch  radius,  is  equal  to  b^/a.  Note  that  as  p  becomes  large  due  to 
the  crack  healing  effect  of  the  boron  nitride  coating,  the  stress  concentration 

factor  term,  2  To/p ,  becomes  small  and,  hence,  oaax  becomes  small.  The  values 

^  of  the  term  were  estimated  from  Figure  2  for  the  uncoated  and  boron 

nitride  coated  fiber  to  be  1.476  and  0.336,  respectively.  The  estimation  was  made 
from  an  average  of  eight  measurements  in  each  case.  For  the  same  applied  stress, 
these  terms  indicate  that  thv';  maximum  stress  occurring  at  the  tip  of  a  notch  on 

•  the  surface  of  the  boron  nitride  coated  fiber  is  lower  by  a  factor  of  0.54  in 
comparison  to  the  maximum  stress  occurring  on  the  surface  of  the  uncoated 
fiber. 

^  3.2  Tensile  Testing  and  Weibull  Analysis 

The  fiber  tensile  strength  was  analyzed  using  a  two  parameter  Weibull 
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where 


r(n)  = 


CV  =  100(s/5) 

The  plots  of  the  natural  log  of  the  tensile  strengUi,  oj,  and 
ln(ln[(N + 1)/(N  4- 1  -  i)])  of  both  the  uncoated  and  boron  nitride  coated  fibers  are 
shown  in  Figures  3  and  4.  The  straight  line  plots  indicate  the  applicability  of 
Weibull  distribution  to  tensile  strength  of  these  fibers,  coated  and  uncoated.  A 
mean  tensile  strength  of  1766  MPa  with  a  standard  deviation  544  MPa  was 
determined  for  the  uncoated  fibers.  This  mean  strength  value  matches 
reasonably  well  with  the  1900  MPa  result  of  Johnson  et  al.  [11]  and  the  1500  MPa 
result  of  Pysher  et  al.  [4].  The  gage  lengths  used  in  their  tests  were  51  mm  and 
75  mm,  respectively.  The  boron  nitride  coated  fibers  showed  an  increase  in  mean 
tensile  strength  to  2905  MPa  with  a  standard  deviation  of 762  MPa,  see  Tkble  3. 
The  values  of  the  Weibull  modulus  were  3.76  and  4.37  for  the  uncoated  and  boron 
nitride  coated  fibers,  respectively.  These  values  indicate  a  considerably  large 
scatter  in  the  strength  values.  However,  a  relatively  large  scatter  in  ceramic  fibers 
is  not  unexpected  due  to  their  sensitivity  to  population  and  size  of  surface  and 
internal  flaws.  Ihble  4  gives  the  Weibull  modulus  values  for  some  similar  high 
modulus,  high  strength  oxide  fibers.  The  Weibull  modulus  values  obtained  in  our 
study  compares  well  with  the  values  for  other  ceramic  fibers. 

Assuming  that  the  fibers  (coated  as  well  as  uncoated)  fail  due  to  a  surface 
flaw,  for  the  same  applied  stress  we  obtained  the  ratio  of  maximum  stress 
occurring  at  the  tip  of  a  notch  on  the  surface  of  the  boron  nitride  coated  fiber  to 
the  maximum  stress  occurring  on  the  surface  of  the  uncoated  fiber  to  be  0.54. 
The  experimental^  obtained  Weibull  mean  strengths  showed  that  uncoated 
fiber  mean  strength  was  lower  than  the  boron  nitride  coated  fiber  mean  strength 
by  a  factor  of  0.61.  This  is  in  good  agreement  with  the  theoretical  estimate.  Thus, 
the  smooth  boron  nitride  coating  on  Nextel  480  fiber  heals  the  surface  defects 
and  contributes  to  strength  enhancement. 


][ytJC.Qndflsi9ns 


The  boron  nitride  coating  on  the  Nextel  480  fiber  resulted  in  a  significant 
increase  in  the  mean  tensile  strength.  This  increase  was  mainly  due  to  the  healing 
of  surface  defects  by  the  coating.  The  effect  of  thermal  stresses  caused  by  the 
mismatch  in  the  thermal  expansion  coefficients  of  the  fiber  and  the  coating  was 
insignificant. 
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Ikble  3.  Weibull  Parameters  of  Uncoated  and  Boron  Nitride  coated  Nextel  480  fibers. 
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Ibble  4.  Weibull  modulus,  for  some  ceramic  fibers. 


Fiber 

Gage  Length 
(mm) 

P 

Ref. 

Sumitomo  Alumina  Fiber 

100 

B 

13 

PRO-166  (Du  Pont) 

17 

B 

2 

Fiber  FP  (Du  Font) 

193 

6.6 

14 

Nextel  480  (3.M) 

12 

4 

Thisworic 

Figure  2.  The  smooth  surface  of  the  boron  nitride  coating.  Note  the 
rougher  surface  of  the  Nextel  480  fiber  surface. 


Appendix  A 


The  cross-sectional  area  of  the  Nextel  480  fiber  can  be  approximated  as  a 
simple  combination  of  a  rectangle  with  half  circles  at  opposing  ends. 

Area  of  iSber  cross-section  =  (M-m)m  +  n  mV4 


where  M  and  m  are  defined  in  Figure  A.2.  From  Figure  A.1,  we  get  M=  12  pm 
and  m=8  pm.  The  equivalent  diameter  was  calculated  assuming  a  circular 
cross-section  fiber  having  the  same  area  as  calculated  above. 


19 


Figure  A.1  SEM  micrograph  of  tincoated  Nextel  480  fiber  em¬ 
bedded  in  glass.  The  glass  around  the  fiber  was  etched  away  in 
order  to  delineate  the  fiber  shape. 


Figure  A.2  Schematic  of  equivalent  area  of  Nextel  480  fiber. 
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Appendix  H :  Some  Observations  on  the  Paper  ‘Influence  of  Tin  Dioxide 
Interphase  on  the  Residual  Stresses  in  Alumina/Glass 
Composites. 
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Patankar  et  al.  H)  have  recently  evaluated  thermal  stress  distribution  in  alumina  fiber  (PRD-166)/N51A 
glass  and  alumina/SnOj/glass  composites  using  models  due  to  Hsuct'  et  al.  (?)  and  Vcdula  et  al.  (3,4).  They  con> 
chided  that  these  models  prediet  compressive  stresses  at  the  SnOj/glass  interface  which  would  adversely  affect  the 
toughness.  In  this  communication  wc  wish  to  discuss  some  of  the  errors  involved  in  ref.  1  as  well  as  point  out  our 
results  of  stress  distribution  in  this  composite  system: 

(1)  The  model  of  Hsuch  et  al.  for  thermal  stresses  is  valid  for  low  volume  fraction  of  fibers  ( <  5%  by  vol* 
ume).  Thus,  the  use  of  the  model  of  Hsueh  et  al.  for  glass  matrix  reinforced  with  30  vol.  %  fibers  in  ref.  1  is  not 
valid.  The  only  way  to  use  the  model  of  Hsueh  et  al.  for  high  volume  fraction  of  fibers  is  to  use  the  sdf-cotisistm 
model,  i.e.,  outside  the  fiber  one  must  use  the  average  properties  of  the  composite. 

(2)  In  ref.  I,  the  authors  have  taken  770  "C  as  the  setting  temperature  of  NSIA  glass.  This  is  incorrect. 
Based  upon  experiments  conducted  in  our  laboratoiy  on  this  glass  usinganOrtondilatometer.  this  seltingtempera* 
ture  is  too  high.  For  example,  Fig.  1  shows  that  during  cooling  down  to  500  °C  viscous  relaxation  of  glass  occurred, 
i.e.,  up  to  this  temperature  the  stresses  were  relaxed  oy  viscous  (low.  Thus,  the  correct  upper  temperature  to  be 
taken  for  thermal  stress  evaluation  is  SOO 


(3)  The  authors  in  ref.  I  have  taken  wrong  numerical  values  of  thermal  ei^nsion  coefficients  for  the  alumi* 
na  (PRD- 166)  fiber  and  SnOj.  Romine  (5)  reported  a  value  of  9  x  10  PC  tor  thermal  expansion  of  alumina 
(PRD- 166)  fiber.  Tlic  correct  value  of  thermal  expansion  for  pure  SnOj  is  5.28  x  10  PC  (6).  The  thermal 
expansion  coefficient  value  of  SnCb  taken  by  the  authors  in  ref.  1  is  for  SnOj  +  ZxiO.  Using  the  correct  values 
of  thermal  ei^nsion  coefficients,  Tne  model  of  Hsueh  et  al.  (even  though  invalid)  predicts  a  radial  tensile  stress 
at  both  alumma/SnOj  and  SnOj/glass  interface. 

(4)  Our  studies  (7,8)  show  no  diffusion  of  Sn  in  alumina  but  some  diffusion  of  Sn  in  glass.  Hence,  bonding 
at  the  alumina  fiber/SnOj  interface  is  purely  mechanical  and  weaker  than  the  bonding  at  the  SnOj/glass  interface. 
In  ref.  1,  the  authors  using  the  model  of  Hsueh  et  al.  (even  though  invalid)  predict  radial  tensile  stress  at  fibcr/SuOj 
interface  and  compressive  radial  stress  at  SnOj/giass  interface.  Even  based  on  their  enoneous  calculations,  they 
should  have  noted  that  the  radial  tensile  stress  at  fiber/SnOj  interface  would  still  be  effective  in  crack  deHectlon 
and  Hber  debonding  there. 


(5)  Using  a  cylindrical  model  we  show  (9)  radial  tensile  stress  at  both  ftber/$n02  and  SnO^glass  interface. 
Indentation  cracks  were  made  to  travel  from  the  dass  matrix  to  the  dumina  fiber  (9).  In  a)uminaM>ss  composite, 
because  of  the  strong  chemical  bond,  the  indentation  crack  traveled  unimpeded  from  glass  to  the  fiber.  In  alumina/ 


i  veiy  desirable  attribute  from  a  toughness  point  of  view. 


(6)  The  primaiy  scops  of  the  model  of  Vedula  et  al.  is  for  composites  reioforcsd  with  anisotropic  fibers. 
Vedula  et  al.  have  concentrated  on  the  stresses  in  the  matrix.  In  ref.  1  the  authors  do  not  show  the  stress  variation 
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in  the  aIumina/Sn02  /glass  composites  from  the  fiber  to  the  matrix.  In  fact,  they  do  not  even  show  an  interphase 
region.  In  order  to  use  the  mooel  of  Vedula  et  al.  the  authors  in  ref.  1  should  have  modified  the  equations  given 
^  by  Vedula  et  al.  so  as  to  calculate  the  stresses  in  the  fiber  and  coating  as  well.  The  compressive  radial  stress  at 
W  the  coating/matrix  interface  could  be  due  to  inaccurate  numerical  values  taken  by  the  authors  for  thermal  expan¬ 
sion  coefficients  of  alumina  (PRD- 166)  flber  and  tin  dioxide. 
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Fig.1  Thermal  expansion  and  contraction  of  N51 A  glass.  On  cooling  from  600  **C  structural  relaxation  of  the 
glau  occurs  up  to  500  °C. 
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